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The auditory system
Hearing is the ability to perceive sounds. Sound vibrations that reach the ear are 
transmitted through the outer ear canal, via the middle ear to the inner ear, where 
the vibrations result in neural excitation. The tympanic membrane separates the 
outer ear canal from the middle ear. Sound waves reach the tympanic membrane 
and cause it to oscillate, which sets up vibration of the malleus, incus and stapes 
(ossicular chain) in the middle ear. On the lateral side, the ossicular chain is attached 
to the tympanic membrane via the malleus while on the medial side it communicates 
with the oval window via the stapes (figure 1). Movement of the stapes footplate in 
the oval window transmits the sound vibrations from the middle ear to the inner 
ear. The inner ear, also known as the cochlea is a fluid filled snail-like structure 
with a total length of approximately 35 millimetres that houses the sensory organ 
(organ of Corti). The cochlea is subdivided into 3 tunnels: the scala tympani and 
the scala vestibuli that communicate with each other at the apex, with the scala 
media wedged in between. In the scala media, the organ of Corti rests on the flexible 
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basilar membrane. When sound vibrations cause the stapes footplate to move at the 
oval window, this creates a fluid wave in the cochlea that travels in the direction of 
the apex and causes the basilar membrane to vibrate. This motion leads to hair cell 
movement within the organ of Corti. Movement of hair cells results in evoked action 
potentials that travel along the nerve fibres that connect the hair cells with the spiral 
ganglions located in the modiolus of the cochlea. From the spiral ganglions, the evoked 
action potentials are passed on to the cochlear nerve and brainstem to eventually be 
projected and interpreted in the auditory cortex. The patterns of excitation passed 
along the auditory pathways encode information about the spectrum, amplitude and 
frequency of the sound that caused the excitation. This representation is facilitated 
by the tonotopic organization of the cochlea which refers to the fact that sounds 
with different frequencies stimulate the organ of Corti in different areas along the 
basilair membrane. High frequency sounds stimulate the organ of Corti at the level 
of the basal turn, whereas low frequency sounds cause maximum excitation after 
travelling some distance through the cochlea in the direction of the apex. This 
spectral analysis is preserved within the ensuing transmission of compound action 
potentials, because the different nerve fibres that constitute the cochlear nerve each 
correspond with a specific location in the cochlea1. 
Cochlear implantation
A cochlear implant is a hearing device with an external and an internal part that is 
surgically implanted in the cochlea. Candidates for cochlear implantation are patients 
with such severe hearing loss that amplification by means of a hearing aid does not 
suffice. The external part of the cochlear implant comprises a microphone and speech 
processor where sounds are received, analysed and transformed into electric pulses. 
The speech processor with the microphone is commonly placed behind the ear, in the 
same way as a conventional hearing aid. By using a coil located on the outside of the 
head, the electric pulses are passed via FM induction to a receiver placed under the 
skin (figure 2). From the receiver, the decoded pulses are transmitted to the electrode 
array that is placed in the cochlea (usually the scala tympani). Electrode arrays 
may contain up to 22 stimulating electrodes. The different  frequency bands of an 
incoming sound are first processed and then divided over the relevant electrodes of 
the inserted electrode array. Each electrode stimulates a different location along the 
cochlea by producing electric pulses that spread to the auditory nerve fibres, thereby 
using the natural tonotopic organization of the cochlea. Cochlear implants can thus 
provide auditory input even when the organ of Corti itself is non-functional.
chapter 1
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Hearing performance with a unilateral  
cochlear implant
Cochlear implantation enables patients with profound bilateral hearing loss to 
hear. Selection criteria for candidacy vary per country and health care system and 
have relaxed over the years, but the general rule is that an improvement should be 
expected in audiological performance  that exceeds the performance with a hearing 
aid2. The vast majority of eligible patients are offered one cochlear implant. Some of 
the factors that may influence potential benefit are: duration of deafness, age at onset 
of deafness, cochlear anatomy and cognitive skills3-6. Interindividual performance 
varies considerably, but it is not unusual that cochlear implant use by patients with 
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Figure 2	 	A	cochlear	implant	with	the	electrode	array	in	situ		
in	the	cochlea
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profound hearing loss leads to high open-set phoneme scores that almost equal the 
performance of conventional hearing aid users whose hearing loss is no more than 70 
dB HL7, 8. Furthermore, the patients generally report an improved quality of life after 
implantation and cochlear implantation has proved to be a cost-effective procedure 
in adults and children9-11.
Nowadays, (prelingually) deaf children constitute a substantial subgroup of the total 
number of implantees. In children, the negative impact of deafness on language 
development can be minimized by shortening the duration of deafness12. It is likely 
that implantation at a young age, when cerebral plasticity is more outspoken, enables 
better adaptation of the auditory pathways to auditory input through a cochlear 
implant13, 14. Early implantation is beneficial to speech development and may already 
provide benefit during the early years of one’s personal development and school 
career. At the moment children as young as 6 months of age are being considered for 
cochlear implantation. 
Despite the promising results, patients with a unilateral cochlear implant experience 
limitations e.g. when attempting to localize sounds and understand speech against 
a background of noise15. In these situations typically, cochlear implant users are not 
only limited by their method of hearing, but also by the unilateral input of sound. 
Bilateral hearing rehabilitation
The limitations of unilateral hearing are not unique to cochlear implantation. 
Amplification with hearing aids predates the use of cochlear implants and the 
many discussions instigated by the wish to gain maximum benefit from hearing 
aids have been matched by similar discussions regarding cochlear implantation. The 
preference for bilateral fitting by patients with bilateral hearing loss was recognized 
as early as in the 1960s, but it was not until the 1980s that consensus was reached 
and bilateral hearing aid amplification was given preference over the use of one 
hearing aid in patients with bilateral hearing loss16, 17. An important contributor to 
this change in opinion was the performance of persons with unilateral hearing loss. 
It was known that being able to hear with one ear was usually sufficient in quiet 
surroundings, but that speech perception in noise and sound localization suffered 
from the lack of bilateral input. The clinical relevance became apparent when 
multiple publications reported educational problems in children with unilateral 
hearing loss18-20. Underlying imbalance in auditory input between the two ears also 
applies to people with bilateral hearing loss who use only one hearing aid or one 
cochlear implant. 
chapter 1
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Hearing with two ears enables the listener to compare sound perception between 
the left and right side of the head. Differences in input between the left ear and 
right ear provide information about the origin of the sound and can facilitate the 
understanding of a sound against a background of noise if it is spatially separated. 
Several mechanisms are responsible for the benefit that can be obtained from 
bilateral input. 
The head is a physical barrier that attenuates sounds to the ear further away from 
the source. High frequency sounds are more affected than low frequency sounds and 
consequently, not only the loudness is different on each side of the head, but also 
the spectrum of a sound. This is known as the head shadow effect. In individuals 
with normal hearing, the interaural loudness difference (ILD) due to the head shadow 
effect can be more than 20 dB depending on the frequency and angle of the sound 
source21. When the sound stimulus and noise are spatially separated, the head can 
block the noise and thereby improve the sound to noise ratio for the ear closest to 
the meaningful sound.  It is worth noting that this noise barrier function of the 
head may also be used by persons with unilateral hearing when their good ear is 
positioned towards the sound source and away from the noise. However, without the 
availability of interaural comparison, it will be more difficult to accurately locate 
the noise and sound source and effectively use the head shadow to reduce the noise 
disturbance. 
The ear nearest to a sound source receives the sound before the contralateral ear. This 
time difference in sound perception is called the interaural time difference (ITD). A 
minimum ITD of 0 seconds applies to a sound source that is located straight in front 
of the listener, while a maximum ITD of approximately 650 microseconds applies 
when the sound source is at 90° 21. In order to localize sounds in the horizontal 
plane, interaural loudness and interaural time differences are analysed by the 
auditory system. Broadly speaking, ITD is the dominant cue in low frequency sound 
localization and ILD in high frequency sound localization22. Without bilateral input, 
there is no ILD or ITD, so it is impossible for the two ears to compare a sound. 
Another advantage of bilateral auditory input is the so called binaural masking 
level difference (BMLD) also known as the ‘squelch effect’. The BMLD improves the 
detection of a sound in noise when either the sound is out-of-phase between the 
two ears while the noise is in-phase, or vice versa23, 24. To benefit from these subtle 
differences between the two ears, adequate central processing of binaural input is 
required. The size of the BMLD differs widely from only 3 dB to more than 10 dB 
of improvement in perception thresholds depending on type of stimulus and noise 
used24-26. 
Even when the input in each ear is the same, gain from bilateral input can still be 
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derived through binaural loudness summation. Hearing with two ears can lower the 
hearing threshold by up to 6 dB due to this loudness summation27, 28. 
The above-described advantages explain why the natural situation with binaural 
hearing is superior to hearing with one ear alone. Nevertheless it is most common for 
people dependent on cochlear implantation to have only one cochlear implant. 
Bilateral hearing with a cochlear implant as discussed 
in this thesis
This thesis aims to address the limitations associated with unilateral hearing 
in children with a cochlear implant and investigates routes to overcome these 
limitations. The two main methods available to provide bilateral auditory input 
for those dependent on a cochlear implant are bilateral cochlear implantation 
and bimodal fitting. Bilateral cochlear implantation means that the implantee 
has a cochlear implant in both ears. Bimodal fitting means that someone who is 
unilaterally implanted wears a conventional hearing aid in the contralateral ear.
While unilateral cochlear implantation is still the norm, one of the first steps to be 
undertaken when considering alternative methods of hearing is to determine who 
would be eligible for an alternative approach. In that light, children can be considered 
candidates for whom extra benefit from bilateral auditory input might prove especially 
advantageous. One of the arguments in favour of children as candidates is that they 
might be able to utilize the critical period of cerebral plasticity that can enhance the 
integration of bilateral input13,29. An improvement in the hearing of children can still 
be used during the language acquisition period and being implanted at a young age 
may provide savings in the cost of education30.  It should furthermore be considered 
that a lack of auditory input to the unstimulated ear has proven to be detrimental to 
speech understanding with that ear31, 32. Especially in children one might therefore 
want to stimulate both ears in order to avoid an unfavourable situation in the future 
in the ear that has not (yet) been implanted. For these reasons this thesis focuses on 
children. 
In 2005, an international consensus statement was published on bilateral cochlear 
implantation and bimodal stimulation33. Children received particular mention in 
this statement and bilateral cochlear implantation was furthermore recommended 
in patients with meningitis, in order to achieve full insertion of the electrode array 
before obliteration of the scalae precludes this option. Bilateral hearing loss induced by 
meningitis may lead to cochlear osteoneogenesis, which means that if implantation is 
postponed for too long, the gradually ossifying cochleas in these patients become less 
chapter 1
Beijen.1056-Proefschrift.indd   16 20-07-2009   17:16:44
17
suitable for successful  implantation5. The irreversibility of this situation in addition 
to the expected improvement in audiological performance means that this group of 
patients were among the earliest candidates to be considered for bilateral cochlear 
implantation. In Nijmegen/ The Netherlands, the first children to be implanted 
bilaterally all had an etiology of meningitis. Owing to the pioneering role of these 
patients with meningitis-induced hearing loss in the discussion of looking beyond 
unilateral implantation, they feature prominently in this thesis. In order to identify 
patients who are at risk after meningitis induced hearing loss has been established, 
one is dependent on radiological imaging of the cochlea to assess who should be given 
preference for bilateral implantation. In chapter 2, the value of T1 and T2 weighted 
MRI to diagnose cochlear osteoneogenesis is evaluated. An important outcome 
measurement is the timing when radiological imaging is recommended, because 
limiting the timeframe until accurate diagnosis may allow the surgeon to implant 
before the ongoing osteoneogenesis causes impairing obstruction in the cochlea. 
On the other hand, it must be borne in mind that osteoneogenesis is an ongoing 
process and early imaging should not jeopardize the reliability of the radiological 
diagnosis.
Apart from only focusing on the measurement of audiological performance, it was 
considered appropriate to estimate if other additional benefits could be expected from 
bilateral versus unilateral hearing rehabilitation in people with bilateral hearing 
loss. The school career of children is often a major stepping stone in their further 
career. Therefore, we were interested in possible negative effects of a lack of bilateral 
hearing rehabilitation and whether additional support would be needed. In chapter 
3, in patients with bilateral sensorineural hearing impairment, comparisons are 
made of the level of education and additional support needed between the unilateral 
and bilateral hearing aid users during their school careers. In view of the focus of 
this thesis on limitations of unilateral cochlear implantation, it would have been 
ideal to be able to look back on the school careers of bilaterally versus unilaterally 
implanted children. However, as bilateral cochlear implantation is such a recent 
development, it is not yet possible to analyse the whole school career of a group of 
bilateral implantees. Being able to learn from less severely hearing impaired people 
who faced similar difficulties in determining whether bilateral hearing revalidation 
had added value, is a historical lesson not to be overlooked, even when the means of 
amplification currently in question is different (cochlear implant instead of hearing 
aid). 
Chapter 4 describes the audiological performance of five of the very first children 
to receive bilateral cochlear implants in the Netherlands. By comparing these young 
children (mean age < 4 years) to unilateral implant users in the same age group, we 
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aimed to determine whether bilateral benefit is already apparent at a very young 
age. Early bilateral implantation has been advocated because of the likelihood that 
cerebral adaption to bilateral input is superior at a young age13. An early benefit on 
audiometric tests could be seen as another, perhaps more tangible argument for 
early bilateral implantation, because it indicates that children might already benefit 
from improved auditory performance before they start school. An age-appropriate 
localization test was used in order to obtain data from the unilaterally and bilaterally 
implanted children.
Although bilateral cochlear implantation may seem to be the most straightforward 
method to overcome the limitations posed by unilateral cochlear implantation, the 
extra financial cost involved has proven to be an impeding factor and unless the 
devices are implanted simultaneously, the patient will have to undergo a second 
operation34. When bilateral auditory input is not obtainable by means of bilateral 
implantation, one might consider using a hearing aid in the non-implanted ear if 
some residual hearing is present. This type of bilateral auditory input is known as 
bimodal stimulation. The use of a conventional hearing aid by a cochlear implantee 
may at first seem like a contradiction, because no serious benefit from a hearing aid 
is to be expected if someone is considered a candidate for cochlear implantation. 
Using a hearing aid in addition to a cochlear implant may nevertheless be of value, 
even when a hearing aid alone would be of limited benefit to the person in question35. 
In this thesis, the possibility to achieve bilateral benefit by means of bimodal fitting 
is investigated extensively in chapters 5, 6 and 7. The aim is to answer the question 
of whether despite the qualitatively different input from a hearing aid in the non-
implanted ear, it may still provide some bilateral benefit. Moreover, bimodal fitting 
may help to preserve the auditory pathways in the non-implanted ear, if cochlear 
implantation in that ear has not yet been decisively discarded31,32. Several tests were 
conducted on children with a unilateral cochlear implant to determine whether the 
input offered by a hearing aid improved their audiometric performance. If bimodal 
fitting can improve auditory performance, it may have a place as a temporary 
measure, or a permanent alternative means to achieve bilateral benefit in cochlear 
implantees. 
Chapter 5 investigates speech recognition when children with a unilateral cochlear 
implant are tested in the cochlear implant alone condition and in the bimodal 
condition with a hearing aid in the non-implanted ear. Besides detecting a possible 
benefit on speech understanding as a key outcome measure of bimodal fitting, the 
aim is to identify which children would benefit most from bimodal fitting and 
whether this can be predicted.  Knowledge of factors that predict if benefit is likely to 
be obtained by means of bimodal fitting might improve pre-operative counseling and 
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aid in the decision whether or not to proceed with simultaneous bilateral cochlear 
implantation.
In chapter 6 the hearing performance with bimodal fitting is further analysed by 
comparing the performance on a sound localization test in the bimodal condition to 
the cochlear implant alone condition. By alternating the type of stimulus during the 
localization test, we specifically study different cues (amplitude, spectrum, etc.) that 
are used to localize sounds and whether bilateral benefit depends on them. 
As previously mentioned, bimodal fitting offers the listener a qualitatively different 
signal in each ear (acoustic in one ear, electric in the other). To determine if under 
these conditions central processing of binaural input still leads to improved speech 
understanding, it is investigated whether a squelch effect is present in bimodally 
fitted children. 
Although a hearing aid is less able to  provide auditory amplification in patients with 
profound deafness than a cochlear implant, it may pick up information that is lost 
when sound is processed by a cochlear implant. Voice pitch information for example, 
is largely lost when processed by a cochlear implant. Although the amplification 
offered by a hearing aid is not sufficient for adequate speech perception in cochlear 
implant candidates. The acoustic processing of a hearing aid may be better suited to 
detect prosodic cues such as intonation. In chapter 7, pitch perception is tested to 
investigate whether a contralateral hearing aid may offer otherwise unobtainable 
prosodic information to children with bimodal fitting. 
In chapter 8 a general discussion is provided regarding the findings presented in the 
preceding chapters. Chapter 9 constitutes a summary of the content of this thesis.
introduction 
Beijen.1056-Proefschrift.indd   19 20-07-2009   17:16:44
20
Reference List
(1)  Cummings CW, Haughey BH, Thomas JR, Harker LA, Flint PW. Cummings 
Otolaryngology, Head and Neck Surgery. 4th ed. Elsevier, 2004
(2)  Cochlear Implants in Adults and Children. NIH Consens Statement. NIH	Consensus	
Statement 1995 May 1;13(2):1-30.
(3)  Nicholas JG, Geers AE. Effects of early auditory experience on the spoken language of 
deaf children at 3 years of age. Ear	Hear 2006 June;27(3):286-298.
(4)  Kaplan DM, Shipp DB, Chen JM, Ng AH, Nedzelski JM. Early-deafened adult cochlear 
implant users: assessment of outcomes. J	Otolaryngol 2003 August;32(4):245-249.
(5)  Rotteveel LJ, Snik AF, Vermeulen AM, Mylanus EA. Three-year follow-up of children with 
postmeningitic deafness and partial cochlear implant insertion. Clin	Otolaryngol 2005 
June;30(3):242-248.
(6)  Gantz BJ, Woodworth GG, Knutson JF, Abbas PJ, Tyler RS. Multivariate predictors of 
audiological success with multichannel cochlear implants. Ann	Otol	Rhinol	Laryngol 1993 
December;102(12):909-916.
(7)  Blamey PJ, Sarant JZ, Paatsch LE, Barry JG, Bow CP, Wales RJ, Wright M, Psarros C, 
Rattigan K, Tooher R. Relationships among speech perception, production, language, 
hearing loss, and age in children with impaired hearing. J	Speech	Lang	Hear	Res 2001 
April;44(2):264-285.
(8)  Orabi AA, Mawman D, Al-Zoubi F, Saeed SR, Ramsden RT. Cochlear implant outcomes and 
quality of life in the elderly: Manchester experience over 13 years. Clin	Otolaryngol 2006 
April;31(2):116-122.
(9)  Cheng AK, Rubin HR, Powe NR, Mellon NK, Francis HW, Niparko JK. Cost-utility analysis 
of the cochlear implant in children. JAMA 2000 August 16;284(7):850-856.
(10)  O’Neill C, O’Donoghue GM, Archbold SM, Normand C. A cost-utility analysis of pediatric 
cochlear implantation. Laryngoscope 2000 January;110(1):156-160.
(11)  Barton GR, Stacey PC, Fortnum HM, Summerfield AQ. Hearing-impaired children in the 
United Kingdom, IV: cost-effectiveness of pediatric cochlear implantation. Ear	Hear 2006 
October;27(5):575-588.
(12)  Geers AE. Speech, language, and reading skills after early cochlear implantation. Arch	
Otolaryngol	Head	Neck	Surg 2004 May;130(5):634-638.
chapter 1
Beijen.1056-Proefschrift.indd   20 20-07-2009   17:16:44
21
(13)  Sharma A, Dorman MF, Kral A. The influence of a sensitive period on central auditory 
development in children with unilateral and bilateral cochlear implants. Hear	Res 2005 
May;203(1-2):134-143.
(14)  Kral A, Hartmann R, Tillein J, Heid S, Klinke R. Hearing after congenital deafness: central 
auditory plasticity and sensory deprivation. Cereb	Cortex 2002 August;12(8):797-807.
(15)  Murphy J, O’donoghue G. Bilateral cochlear implantation: an evidence-based medicine 
evaluation. Laryngoscope 2007 August;117(8):1412-1418.
(16)  Jordan O, Greisen O, Bentzen O. Treatment with binaural hearing aids. A follow-up 
investigation of 1,147 cases. Arch	Otolaryngol 1967 March;85(3):319-326.
(17)  Libby ER. Editorial: binaural amplification--state of the art. Ear	Hear 1981 
September;2(5):183-186.
(18)  Bess FH, Tharpe AM. Unilateral hearing impairment in children. Pediatrics 1984 
August;74(2):206-216.
(19)  Dancer J, Burl NT, Waters S. Effects of unilateral hearing loss on teacher responses to 
the SIFTER. Screening Instrument for Targeting Educational Risk. Am	Ann	Deaf 1995 
July;140(3):291-294.
(20)  Bovo R, Martini A, Agnoletto M, Beghi A, Carmignoto D, Milani M, Zangaglia AM. 
Auditory and academic performance of children with unilateral hearing loss. Scand	
Audiol	Suppl 1988;30:71-74.
(21)  Akeroyd MA. The psychoacoustics of binaural hearing. Int	J	Audiol 2006 July;45 
Suppl:25-33.
(22)  Wightman FL, Kistler DJ. The dominant role of low-frequency interaural time differences 
in sound localization. J	Acoust	Soc	Am 1992 March;91(3):1648-1661.
(23)  Katz J.(editor). Handbook of Clinical Audiology, Fourth Edition, Chapter 15, Chapter 
authors: Z.G.Schoeny, R.E.Talbott, p214-216, Baltimore, Williams & Wilkins Co. 1994
(24)  Balakrishnan U, Freyman RL. Speech detection in spatial and nonspatial speech maskers. 
J	Acoust	Soc	Am 2008 May;123(5):2680-2691.
(25)  Wilson RH, Zizz CA, Sperry JL. Masking-level difference for spondaic words in 2000-msec 
bursts of broadband noise. J	Am	Acad	Audiol 1994 July;5(4):236-242.
(26)  Levitt H, Rabiner LR. Binaural release from masking for speech and gain in intelligibility. 
J	Acoust	Soc	Am 1967 September;42(3):601-608.
introduction 
Beijen.1056-Proefschrift.indd   21 20-07-2009   17:16:44
22
(27)  Litovsky R, Parkinson A, Arcaroli J, Sammeth C. Simultaneous bilateral 
cochlear implantation in adults: a multicenter clinical study. Ear	Hear 2006 
December;27(6):714-731.
(28)  Dillon H. Hearing Aids, first edition, Thieme, Stuttgart. 2001
(29)  Scherf F, van Deun L, van Wieringen A, Wouters J, Desloovere C, Dhooge I, Offeciers E, 
Deggouj N, De Raeve L, De Bodt M, Van de Heyning PH.   Hearing benefits of second-side 
cochlear implantation in two groups of children. Int	J	Pediatr	Otorhinolaryngol December 
2007; 71(12):1855-63.
(30)  Barton GR, Stacey PC, Fortnum HM, Summerfield AQ. Hearing-impaired children in the 
United Kingdom, II: Cochlear implantation and the cost of compulsory education. Ear	Hear 
2006 April;27(2):187-207.
(31)  Gelfand SA, Silman S. Apparent auditory deprivation in children: implications of 
monaural versus binaural amplification. J	Am	Acad	Audiol 1993 September;4(5):313-318.
(32)  Hurley RM. Onset of auditory deprivation. J	Am	Acad	Audiol 1999 November;10(10):529-534.
(33)  Offeciers E, Morera C, Muller J, Huarte A, Shallop J, Cavalle L. International consensus 
on bilateral cochlear implants and bimodal stimulation. Acta	Otolaryngol 2005 
September;125(9):918-919.
(34)  Summerfield AQ, Marshall DH, Barton GR, Bloor KE. A cost-utility scenario 
analysis of bilateral cochlear implantation. Arch	Otolaryngol	Head	Neck	Surg 2002 
November;128(11):1255-1262.
(35)  Ching TY, van Wanrooy E, Dillon H. Binaural-bimodal fitting or bilateral 
implantation for managing severe to profound deafness: a review. Trends	Amplif 2007 
September;11(3):161-192.
 
chapter 1
Beijen.1056-Proefschrift.indd   22 20-07-2009   17:16:44
23
introduction 
Beijen.1056-Proefschrift.indd   23 20-07-2009   17:16:44
Beijen.1056-Proefschrift.indd   24 20-07-2009   17:16:44
Chapter 2
Magnetic resonance imaging in patients with 
meningitis induced hearing loss
J. Beijen, J.W. Casselman, F.B.M Joosten, T. Stover, A. Aschendorff, A.J. Zarowski,
H. Becker, E.A.M. Mylanus
European	Archives	of	Otorhinolaryngology.	2009	April	4	
Beijen.1056-Proefschrift.indd   25 20-07-2009   17:16:44
26
Abstract
The aim of this multicentre study was to compare T1 with T2 weighted MRI scans of the 
labyrinth after meningitis and to investigate whether waiting with scanning improved 
the reliability of diagnosing an ongoing process such as cochlear osteoneogenesis. 
Forty-five patients were included who suffered from meningitis induced hearing loss 
(radiological imaging <1 year after meningitis). Twenty-one gadolinium enhanced T1 
and 45 T2 weighted MRI scans were scored by two radiologists regarding the condition 
of the labyrinth. These radiological observations were compared with the condition 
of the cochlea as described during cochlear implantation. A higher percentage of 
agreement with surgery was found for T2 (both radiologists 73%) than for T1 weighted 
MRI scans (radiologist 1: 62%, radiologist 2: 67%), but this difference is not significant. 
There was no significant difference between early (0–3 months) and late (>3 months) 
scanning, showing that radiological imaging soon after meningitis allows early 
diagnosis without suffering from a lower agreement with surgical findings.
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Introduction
Bacterial meningitis is an infamous cause of acquired hearing loss leading to 
profound bilateral hearing loss in up to 4% of those affected 1, 2. The incidence of 
meningitis induced hearing loss is different for varying causative agents such as 
S. pneumoniae (31–36%), N. meningitidis (8–11%) and H. influenza (6–11%)1–3. 
Meningitis induced hearing loss is probably the result of the spread of infection to 
the inner ear via the cochlear aqueduct or modiolus and develops at an early stage of 
meningitis. The ensuing labyrinthitis is thought to be responsible for sensorineural 
hearing loss4, 5. When meningitis has led to a profound sensorineural hearing loss, 
cochlear implantation may provide auditory rehabilitation. Cochlear implantation is 
more successful and less current is needed when insertion of all electrodes in a patent 
cochlear lumen is achieved6, 7. This is more demanding when the route of insertion is 
obstructed by osteoneogenesis, especially at the end stage of this process when a lumen 
may only be created by drilling out hard bone in the cochlea. Such a situation occurs 
when labyrinthitis progresses to labyrinthitis ossificans. Some degree of ossification of 
the cochlea has been described in 56–80% of people with postmeningitic deafness7, 8. 
In animal models it has been shown that the sequence of events, which starts with an 
inflammation that progresses to fibrosis and ultimately to ossification of the cochlea, 
commences the first week after the onset of meningitis and bone deposition can 
continue for a year9, 10.
Information on the condition of the cochlea acquired via radiological imaging before 
the operation can assist the surgeon in choosing the cochlea in which the likelihood 
of optimal insertion of all electrodes is highest11. The timing when to implant a patient 
with osteoneogenesis is an important instrument in limiting the degree of hindrance 
during implantation because of the progressive character of cochlear osteoneogenesis. 
When the process of osteoneogenesis of the cochleae (including its early stage of 
fibrosis) is identified one might consider implanting bilaterally to prevent losing 
the cochlear lumen of the second ear for implantation in the future12. Another 
important reason to limit the period between meningitis and cochlear implantation 
as much as possible is pointed out by Durisin et al., who indicate that audiological 
performance is better when the duration of deafness is minimized in children 
deafened by meningitis13. However, the duration between meningitis and cochlear 
implantation is mainly determined by when an accurate diagnosis can be made. 
To establish preoperatively whether a patient deafened by meningitis suffers from 
osteoneogenesis of the cochlea and to what extent, one is dependent on radiological 
imaging. In several studies high resolution computed tomography (HRCT) of the 
temporal bone is found to be equivalent to T2 weighted MRI when evaluating gross 
mri in patients with meningitis induced hearing loss
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bony alterations of the cochlea14, 15. When there is rapid ossification of the cochlea, 
a CT-scan might be useful even at an early stage as pointed out by Aschendorff et al., 
but one never knows whether such bony alterations will already be apparent if the 
osteoneogenesis is still ongoing16. The advantage of T2 weighted MRI is that it provides 
an impression of fluid displacement due to anatomical changes in the cochlea and is 
therefore capable of showing the preceding stage of fibrosis as well as ossification17–19. 
Figure 1 shows an example of a normal as well as an affected cochlea, as seen on a 
T2 weighted MRI scan. Gadolinium enhanced T1 weighted MRI is especially geared 
towards establishing the presence of active labyrinthitis. This is due to its capability to 
show increased perfusion of the striae vascularis indicative of local inflammation19–21. 
A normal cochlea as well as a cochlea displaying pathologically increased perfusion, 
as seen on a T1 weighted MRI scan are shown in Fig. 2. Extensive bone deposition in the 
cochlea impedes complete electrode insertion more severely than the preceding stages 
of minimal bone deposition and fibrosis of the cochlea. Magnetic resonance imaging 
is well suited to detect depositions that are not yet calcified. This makes it particularly 
useful if one aims to use radiological imaging in diagnosing the process of cochlear 
osteoneogenesis at a stage when the cochlear lumen is not yet severely compromised. 
In the present multicentre study the preoperative radiological findings of 
postmeningitic cochlear implant candidates are compared with the condition of the 
cochlea as encountered during surgery. The main objectives in the study are (1) to 
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Figure 1	 	T2	weighted	MRI	scan	of	a	patient	with	one	normal	and	one	
abnormal	cochlea
The cochlea that can be seen on the right side of the T2 weighted MRI scan above 
(which is actually the left cochlea of the patient), displays the bright intensity of a 
normal cochlea. On the left, the cochlea of this patient can still be recognised, but 
the intensity of the signal is decreased which is indicative of cochlear pathology.
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compare T1 with T2 weighted MRI scans of the labyrinth, (2) to investigate whether 
waiting with scanning improves the reliability of diagnosing an ongoing process such 
as meningitic osteoneogenesis, (3) to investigate whether the outcome is different 
when only the cochlea instead of the whole labyrinth is observed.
Materials and methods
The study was set up as a multicentre study to increase the number of patients 
(radiological data) that could be included. Four European cochlear implant centres 
cooperated for this study: the Medical University of Hannover, the University Hospital 
of Freiburg, the Sint-Augustinus University Hospital in Antwerp and the Radboud 
University Medical Centre Nijmegen.
The data were included when a subject met the following inclusion criteria: profound 
hearing loss due to meningitis, availability of an MRI scan made within 1 year after the 
meningitic episode, availability of the surgical report of the cochlear implantation. 
A total of 45 patients were included (Table 1). This resulted in 45 T2 weighted MRI 
scans and 21 T1 weighted MRI scans. 
All gadolinium enhanced T1 weighted MRI scans were made using a T1 Turbo Spin 
Echo (TSE) sequence. High resolution 3D constructive interference in steady state 
(CISS) sequence was used in all T2 weighted MRI scans. The MRI scans were made using 
mri in patients with meningitis induced hearing loss
Figure 2	 	T1	weighted	MRI	scan	of	a	patient	with	one	normal	and	one	
abnormal	cochlea
The cochlea on the right side of the T1 weighted MRI scan with gadolinium (which 
is actually the left cochlea of the patient) is hardly noticeable. This is the normal 
healthy situation. On the left, the cochlea of this patient is clearly seen due to 
increased perfusion indicative of cochlear pathology.
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1.5 Tesla MRI scanners. The slice thickness varied between 0.8 and 3 millimetre for the 
gadolinium enhanced T1 weighted MRI and between 0.7 and 1 millimetre for the T2 
weighted images.
Two senior radiologists, both specialized in radiological imaging of the temporal 
bone, observed and scored the scans independently of one another. Only transverse 
scans were observed. The correlation between both radiologists was determined using 
the kappa score. The scores of each radiologist are presented separately (Table 2). 
The labyrinth was looked at in detail and the scores of the different regions were 
eventually summarized in a score for the condition of the cochlea and for the condition 
of the whole labyrinth (cochlea plus vestibulum and semicircular canals). The labyrinth 
was scored as abnormal by the radiologist when any anatomical disruption or change 
in perfusion (T1) was observed. Without such an alteration the anatomy was scored as 
normal. The condition of the cochlea as experienced by the surgeon was scored to be 
normal (clear lumen) or abnormal (fibrosis, ossification) after reviewing the surgical 
notes of the various surgeons involved.
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Table 1	 	Patient	characteristics
total number of patients  45
male:female   22:23
causative agent of meningitis S. pneumoniae: 31
 N. meningitidis: 3
 E.coli: 2
 H.influenza: 1
 M. tuberculosis: 1
 K. pneumoniae: 1
 Unknown: 6
Percentage of cochlea with osteoneogenesis encountered  76 %
during surgery                                               
age at time of meningitis (years) mean: 9
 range: 0-65
period between meningitis and T1 MRI scan (months) mean: 3
 range: 0-11 
period between meningitis and T2 MRI scan (months) mean: 4
 range: 0-12
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The condition of the cochlea as described by the surgeon is mainly based on what 
was encountered in the scala tympani, especially in the basal turn. This is due to the 
fact the scala tympani was always opened and described during surgery even when 
implantation eventually took place in the scala vestibuli. 
The observations of the radiologists were compared with the observation by the surgeon 
of the cochlea during implantation; the latter is used as gold standard. Although the 
radiologists scored both ears for each patient, only the observation of the cochlea that 
was implanted was included. In the case of bilaterally implanted patients only the 
cochlea that was implanted first was included to avoid bias.
In the present study the degree of agreement with surgical findings and the positive 
and negative predictive values were determined for the radiological observations 
of two overlapping anatomical regions: the cochlea and the complete membranous 
labyrinth (cochlea and vestibular system). The radiologists observed these anatomical 
regions on a gadolinium enhanced T1 and on a T2 weighted MRI scan.
The observations on T1 and T2 weighted MRI scans were compared to each other with 
regard to the agreement with surgery. The scores of both MRI modalities were also 
compared with the score of T1 and T2 combined to investigate additional value. In 
the latter case the scores of T1 and T2 weighted MRI were converted into a single 
‘combined’ score for MRI which was said to be abnormal when pathology was observed 
on T1 or on T2 weighted MRI.
For most comparisons in this study the judgement of the whole labyrinth was used 
because the vestibular system constitutes one continuous system with the cochlea and 
it has been shown that if one area is affected then this is likely to be more widespread22. 
To check whether judging the whole labyrinth or just the cochlea would indeed 
influence the outcome we compared the differences in observations of the whole 
labyrinth versus just the cochlea regarding the agreement with surgery. 
The impact of the duration between the meningitic episode and the moment of 
radiological imaging on the degree of agreement with surgical findings was analysed 
by dividing the T1 and T2 weighted MRI scans in early (0–3 months) and late (>3 
months) groups and comparing these two groups. 
The McNemar test was used to compare the levels of agreement with surgical findings 
of T1 and T2 weighted MRI and with the combined MRI score. The importance of 
the timing of the MRI was determined by comparing the early (first 3 months) 
with the late (>3 months) group using Fisher’s exact test. The level of significance used 
was 0.05.
mri in patients with meningitis induced hearing loss
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Results
Radiological abnormalities in the labyrinth were found by radiologist 1 on 16 of the 
21 T1 weighted MRI scans (76%) and on 37 of the 45 T2 weighted MRI scans (82%). 
Radiologist 2 detected abnormalities on 16 of the 21 T1 weighted scans (76%) and on 
35 of the 45 T2 weighted scans (78%). Meningitis was caused by S. pneumoniae (Table 
1) in 79% of the patients in which the causative agent was identified. In 76% of the 
patients in this study an abnormal cochlear lumen was encountered during cochlear 
implantation. Surgery was performed within 3 months after the MRI scans were 
made in 22 cases (17 pathological cochleae) and in the remaining 23 cases cochlear 
implantation took place more than 3 months after the MRI scans were made (17 
pathological cochleae).
For radiologists 1 and 2 there was no significant difference between their observations 
on T1 and T2 weighted MRI of the labyrinth in terms of the degree of agreement of 
both types of MRI with surgical findings. 
Radiologist 1: 62% agreement T1 MRI versus 73% agreement T2 MRI (P = 1.00). 
Radiologist 2: 67% agreement T1 MRI versus 73% agreement T2 MRI (P = 1.00).
The combined score on T1 and T2 weighted scans for radiologist 1 agreed with surgical 
findings in 67%. This was not significantly better than T1 weighted scans of the 
labyrinth (62%) and not significantly worse than the agreement of T2 weighted MRI 
(73%) (P = 1.00 for both comparisons). The scores on T1 and T2 weighted MRI overlapped 
in 76% of the cases. When the scores of T1 and T2 weighted MRI disagreed it turned out 
that the T1 weighted MRI was correct (agreeing with surgery) in three cases and the 
T2 weighted MRI in two cases.
When the combined score of T1 and T2 weighted MRI of the labyrinth was taken as 
a point of reference for radiologist 2, it was found that observations on T1 (67%) or 
T2 (73%) weighted scans did not differ significantly (P = 1.00 for both comparisons) 
from this combined MRI (71%) score with regard to the agreement with surgery. 
The T1 and T2 weighted MRI had the same score in 80% of the cases. Of the four cases 
that did not overlap T1 MRI was correct in two cases and T2 in the other two cases.
When radiologist 1 only observed the cochlea instead of the whole labyrinth the degree 
of agreement with surgery was lower, but not significantly so for both types of MRI. 
Radiologist 1: 57% agreement T1 cochlea versus 62% agreement T1 labyrinth (P = 1.00). 
71 agreement T2 cochlea versus 73% agreement T2 labyrinth (P = 1.00). 
Similar outcomes were found for radiologist 2. Radiologist 2: 62% agreement T1 
cochlea versus 67% agreement T1 labyrinth (P = 1.00). Radiologist 2: 68% agreement T2 
cochlea versus 73% agreement T2 labyrinth (P = 1.00).
The positive predictive value and negative predictive value did not change significantly 
chapter 2
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either when the observation was limited to the cochlea on T1 or T2 weighted MRI (for 
all comparisons P > 0.05). For the positive predictive value and negative predictive 
values see Table 2.
Whether T1 weighted MRI scans of the labyrinth were made within or after the first 3 
months following meningitis did not have a significant influence on the agreement of 
the observations by radiologists 1 and 2 with surgical findings.
Radiologist 1: 66% agreement 0–3 months versus 56% agreement >3 months (P = 0.66). 
Radiologist 2: 69% agreement 0–3 months versus 63% agreement >3 months (P = 1.00).
Thirteen T1 weighted MRI scans were made within 0–3 months after the meningitic 
episode, the other eight were made later than 3 months. 
A similar pattern was found for T2 weighted MRI scans in which the duration between 
scanning and the meningitic episode did not significantly influence the agreement 
between the scans and surgical findings (Table 3).
Radiologist 1: 82% agreement 0–3 months versus 65% agreement >3 months (P = 0.31). 
Radiologist 2: 77% agreement 0–3 months versus 70% agreement >3 months (P = 0.74).
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Table 3	 	Impact	of	the	duration	of	the	period	between	meningitis	and	
radiological	imaging
 Type of Radiologist Period Number of Agreement
 radiological  between participants/ with surgical
 imaging  meningitis scans findings %
   and
   radiological
   imaging  
  1   0-3 months 13 66
 T1 weighted  >3 months 8 56
 MRI of total
 
labyrinth 2     0-3 months 13 69
   >3 months 8 63
  1     0-3 months 22 82
 T2 weighted  >3 months 23 65
 MRI of total
 
labyrinth 2     0-3 months 22 77
   >3 months 23 70
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Of the total 45 T2 weighted MRI scans 22 were made 0–3 months postmeningitic, 
23 were made 3–12 months after the meningitic episode.
Discussion
This study was conducted to provide more knowledge on how and when to use 
magnetic resonance imaging in patients with meningitis induced severe hearing loss. 
The clinical relevance is reflected in the objective to accurately and timely diagnose 
the process of osteoneogenesis and thus limit its potential interference with cochlear 
implantation.
The MRI findings in this study are compatible with findings on the use of MRI scans 
of the labyrinth in other studies with regard to the agreement between imaging and 
surgical findings14, 15. Not many radiological studies focus exclusively on the condition 
of the cochlea after meningitis which makes a direct comparison to other MRI studies 
of patients with a mixed aetiology of deafness only of limited value. A study that does 
target the same group was carried out by Chan et al., who suggested looking at the 
lateral semicircular canal as well as at the cochlear basal turn when predicting the 
presence of cochlear osteoneogenesis on MRI22. This recommendation, not to limit 
the observation to the cochlea alone, is supported by the present study in which the 
agreement between radiological observations and surgical findings was consistently 
higher when the whole labyrinth instead of only the cochlea was judged (Table 2; 
Fig. 3). It is worth noting that the higher scores for the radiological judgment of the 
whole labyrinth were found for all parameters apart for the positive predictive value 
on T2 weighted MRI. This higher positive predictive value might have reflected the 
presence of cases in which the osteoneogenesis was limited to extra-cochlear parts of 
the labyrinth and therefore not encountered during surgery. 
The high positive predictive value of both MRI modalities reflects their value when one 
aims to make sure that those who are operated on are indeed affected. It is much more 
difficult on the other hand to rule out osteoneogenesis when it is not seen on MRI as 
pointed out by the lower negative predictive values. This is why repeated scanning 
after a first negative MRI would be justified. 
The data in this study indicate that not withstanding the fact that for both radiologists 
T2 weighted MRI scans consistently show a higher agreement with what is found 
during surgery, no significant difference could be established between gadolinium 
enhanced T1 MRI and T2 weighted MRI in predicting pathology in the cochlea (Table 
2; Fig. 3). The theoretical argument for making a T1 weighted MRI is that it is well 
suited to detect the active labyrinthitis that precedes ossification and thereby provide 
mri in patients with meningitis induced hearing loss
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early information on abnormalities in the cochlea. In this study the T1 weighted MRI 
scans made in the early stage after meningitis did indeed show a higher agreement 
with surgery than those made at a later stage (Table 3; Fig. 4), but this difference is not 
significant. It is interesting to note that even in the ‘early’ first 3 months T1 weighted 
MRI does not show a higher percentage of agreement with surgery than T2 weighted 
MR scans made at the same time (Fig. 4). From the data in this study no additional 
value of combining the findings on T1 and T2 weighted MRI could be established (Table 
2). One could therefore wonder if it is useful to make a T1 weighted MRI in addition 
to a T2 weighted MRI. The present study does not show a significant inferiority of T1 
weighted MRI, but neither does it find a specific indication for using T1 weighted MRI 
when analysing a labyrinth after meningitis has occurred. Especially when trying to 
optimize the surgeons’ preoperative knowledge regarding the surgical options left in 
a pathological cochlea it can be valuable to distinguish the scala tympani from the 
scala vestibuli so the latter can also be considered for implantation when on MRI the 
scala vestibuli is still clear and the scala tympani is not. Such scalar differentiation 
is only possible on T2 weighted MRI as was indeed noticed in this study as well (data 
not used for analysis and thus not shown). Furthermore, one might want to consider 
that the utilisation of gadolinium is not entirely without risk and extra caution is 
warranted in very young children (who form a big group amongst cochlear implant 
candidates) due to their renal immaturity23. 
The reason this study included a comparison between early and late radiological 
imaging (Table 3; Fig. 4) is that radiological imaging in patients deafened by meningitis 
provides an image of the labyrinth at one moment on the timeline of osteoneogenesis. 
When this moment takes place is clinically relevant if one takes into account that 
for easy insertion of all electrodes of the cochlear implant a minimization of the 
period of potential damage to the cochlea seems preferable. For valuable radiological 
imaging the reverse appears plausible because the shorter the period of potential 
damage to the cochlea the more subtle an anatomical disruption might show up on 
T2 weighted MRI. T1 weighted MRI on the other hand could be expected to be more 
suited for early use to detect early active labyrinthitis. The data in this study indicate 
that there is no need for concessions. There was no significant difference regarding 
the degree of agreement with surgical findings when the MRI scans were made the 
first 3 months instead of longer after the meningitic episode. The lack of superiority of 
radiological imaging at a later stage (>3 months) found in this study means that early 
radiological imaging can save valuable time without compromising the reliability 
of preoperative diagnosis. Such early diagnosis shortens the selection procedure for 
cochlear implantation which is likely to benefit the performance of the patient with 
a cochlear implant13.
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The results in this study show clear trends regarding which MRI modality would 
be preferred and when to use it. The size of the group and paired analysis limit the 
statistical power needed to provide hard significant results. This warrants caution 
when interpreting the data, but should not obscure the consistent trends that are 
shown. Conclusively, one can state that no significant superiority of T1, T2 weighted 
MRI or a combination of both was found although the observations on T2 weighted 
MRI consistently had the highest percentage of agreement with surgical findings. This 
study shows that when early cochlear implantation is preferred the resulting short 
period of time between the meningitic episode and the moment of radiological imaging 
does not jeopardize the diagnostic value of preoperative radiological imaging.
mri in patients with meningitis induced hearing loss
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Abstract
Objective: Analyse the difference in school careers and secondary school qualification 
levels between unilateral hearing aid users and bilateral hearing aid users.
Study	design: Retrospective questionnaire study.
Setting: Postal-based questionnaire.
Participants: Names of adults known to have been fitted with unilateral or bilateral 
hearing aids during childhood were retrieved. This resulted in 292 names. Participants 
were selected using the following criteria: availability of the medical record, presence 
of bilateral hearing loss, completed secondary school education, normal IQ and a 
minimum aided word-recognition score of 70% at 10 years of age. The questionnaire 
was sent to 50 potential participants of whom 40 responded, resulting in two groups
comprising 19 unilateral and 21 bilateral hearing aid users.
Methods: A questionnaire was developed to obtain data on secondary school levels and 
aspects of the school careers, such as type of schools attended (mainstream versus 
special), repeating a school year and additional assistance (speech and language 
therapy, personal frequency modulation systems).
Main	outcome	measures: Comparison of the benefit of bilateral hearing aid fitting versus 
unilateral hearing aid fitting on secondary school qualification level, type of school 
the children attended, class failure and additional assistance used.
Results: The group of bilaterally fitted hearing aid users eventually completed secondary 
school at a superior level than the unilaterally fitted users. 33% of bilateral hearing 
aid users achieved qualifications giving access to a bachelors study compared with 
21% of unilateral users. There were no differences between those fitted with unilateral 
and bilateral hearing aids in the type of schools attended, repeating a school year and 
additional assistance.
Conclusions: The bilateral hearing aid users obtained superior secondary school 
qualifications to the unilateral users, but their school careers were otherwise 
comparable.
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Introduction
In daily life, many auditory signals surround us. Children growing up with bilateral 
hearing loss experience an obvious and serious impediment by lacking access to the 
multitude of auditory information around them. When the hearing loss of a child 
is unilateral, the impairment is usually less severe and these children might retain 
normal speech and language abilities. However, they still lack the physiological 
binaural input normally used by the auditory system. Hearing problems encountered by 
those with unilateral hearing can largely be explained by this inability to use binaural 
cues. Lacking binaural input means that such patients cannot use interaural time 
differences and interaural level differences to localize sounds1. These difficulties in 
localizing sound are accompanied by decreased speech perception, especially in noisy 
surroundings2. This is because some factors contributing to speech understanding are 
not available to monaural listeners. One of these is the summation effect due to which 
people with binaural input perceive sounds louder3. Another factor is the head shadow 
effect, which helps to improve speech understanding in noise because the head acts 
as a noise barrier thereby creating a more favourable listening condition for the ear 
furthest away from the noise4. For a unilateral listener, it is difficult to detect and use 
this separation especially when the speaker is standing near the deaf side. Another 
potential advantage only available to binaural listeners is the use of the squelch effect5.
This helps to improve a binaural listener’s ability to hear a particular sound against 
a background of noise, when that noise is similar in both ears but the sound is not. 
Binaural comparison also plays a beneficial role with regard to the precedence effect 
that occurs when listeners in a closed room have to deal with the input of direct as 
well as reverberant sound6. Although advantages such as the summation effect are also 
present in quiet, the advantages of binaural hearing are greatest when comparison 
between two different inputs can be used to improve sound to noise ratios with for 
example the head shadow effect, or when trying to localize the direction of a sound. 
The relevance of binaural hearing in day-to-day life has not always been acknowledged. 
In 1986, Hallmo et al. reported normal school results and linguistic development in a 
group of children with unilateral hearing, which was in agreement with the school 
of thought still prevalent at that time7. Gradually, this view has been abandoned after 
multiple publications reported educational problems in children with unilateral 
hearing loss when compared to their peers with normal hearing8–10. Studies by Bess 
and Tharpe and Bovo et al. reported that children with unilateral hearing loss were 
much more likely to repeat a school year than children with normal hearing8,10,11. 
Audiological tests carried out in these children indicated that they had difficulty 
with the localization of sound and understanding speech in noise. The importance 
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of the latter finding is emphasised in a study by Bovo et al. in which one-third of 
the children with unilateral hearing reported having difficulties in discriminating 
the teacher’s voice10. Although Brookhauser et al. also encountered educational and 
behavioural problems in children with unilateral hearing loss, it is interesting to see 
that no clear relation could be established between the degree of hearing loss and the 
degree of school problems encountered12. A review by Lieu conducted in 2004 led to the 
conclusion that more children with unilateral hearing tended to repeat a school year 
and need additional educational assistance than children with normal hearing13. 
The discussion concerning unilateral hearing is not confined to patients with one 
good ear. In people with bilateral hearing impairment, the issue of bilateral versus 
unilateral hearing is also present owing to the choice between unilateral and bilateral 
hearing aid fitting. The largest group of such patients consist of conventional hearing 
aid users, but on a more recent note also cochlear implant users keen to optimise 
their hearing potential are confronted with the fact that one needs two devices to use 
bilateral cues. 
As early as in 1967, Jordan et al. showed the preference of bilaterally hearing impaired 
people for bilateral fitting14. To shed light on the debate concerning unilateral versus 
bilateral amplification raging in the 1970s and 1980s, Libby reviewed the available 
literature especially addressing the mismatch between the positive findings in 
laboratory studies and the lack of positive experiences of clinicians who had fitted 
these patients with binaural amplification15. He concluded that if it is the goal 
to provide the greatest assistance to patients with bilateral hearing loss, binaural 
amplification should be the method of choice. During the same period, Grimes et al. 
used speech recognition as outcome parameter in a group of children with bilateral 
hearing impairment16. They did not observe a difference between the best-aided 
monaural score and the aided bilateral score. Nevertheless, they concluded with a 
positive remark on bilateral fitting because speech recognition with two hearing 
aids was at least equivalent to speech recognition with one hearing aid and offers 
additional advantages such as improved localization ability. 
Based on the insights gained in the early 1980s, the Audiological Centre of the 
University Medical Centre in Nijmegen decided to adopt the policy of binaural 
amplification as the standard treatment for patients with bilateral hearing 
impairment. In a short period, this lead to a dramatic increase in the already 
rising percentage of bilaterally fitted children (Fig. 1). The aim of this study was to 
analyse whether this switch in policy might have led to differences in school careers 
and qualification levels, by gathering data from a group of adults who had been 
unilaterally or bilaterally fitted in the late 1970s and 1980s as a child and have now 
completed secondary school education.
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Methods
Questionnaire
The questionnaire comprised a total of 18 questions subdivided into six domains. It 
was designed as a tool to provide insight into the school careers and performance 
of the participants and their use of additional support during this period. The 
auditory–verbal graduate survey by Goldberg and Flexer provided inspiration, while 
the questions on hearing aid usage are based on a section of the Abbreviated Profile of 
Hearing Aid Benefit (APHAB), all other questions are original17,18. The core domain was 
‘school career’ and consisted of questions on primary and secondary school careers, 
the type and amount of support received and final qualification level. The questions 
school careers of hearing aid users
Figure 1	 	Percentage	of	newly	fitted	children	per	year	that	were	fitted	
with	a	unilateral	hearing	aid	or	bilateral	hearing	aids
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concerning the type of school the children attended refer to the distinction between 
mainstream schools and special schools with smaller classes especially geared to 
children with a normal IQ, but with a specific handicap such as hearing impairment.
Unilateral or bilateral fitting
The participants had been fitted with unilateral or bilateral hearing aids as children,
in the period when unilateral fitting was being replaced by bilateral fitting as standard 
treatment (Table 1). Consequently, children with similar levels of hearing loss were 
being equipped with one or two hearing aids, depending on which audiologist was 
consulted in which year. In retrospect, this created limited natural randomisation of 
the patients during this transitional period. Other reasons for prescribing one instead 
of two hearing aids include unilateral otitis externa, unilateral deafness and unilateral 
congenital deformities. These factors help to explain stabilisation in the percentage of 
bilaterally hearing impaired children with bilateral hearing aids at around 80% (Fig. 1).
Participants
Names were retrieved from the registration lists in our department of 292 adults 
known to have been using a hearing aid during their school careers. The search was 
then refined using the following criteria: availability of the medical record, presence 
of bilateral hearing loss, surpassed secondary school leaving age and a minimum aided 
word-recognition score of 70% at 10 years of age. Furthermore, psychological reports 
included in their medical records were used to estimate the IQ of the participants 
because the original score forms had not been preserved. In many of the available 
psychological reports the intelligence of a patient is described rather than scored. 
For this study, an experienced psychologist, specialised in working with children 
with a hearing impairment, analysed these psychological reports and categorised the 
children according to their estimated performal IQ into one of three categories: below 
normal (IQ < 85), normal (IQ 85–115), above normal (IQ > 115). This was done to exclude 
children with a below-normal IQ (<85) and identify the distribution of children with 
an above-normal IQ (> 115) between the two groups. Using this method 21.1% of the 
children who were unilaterally fitted and 23.8% of the children who were bilaterally 
fitted with a hearing aid were judged to have an above normal IQ.
In this study, participants were considered to have a bilateral hearing loss when the 
best ear had a minimum loss of 30 dB hearing loss (HL) (average hearing loss over 
1,2,4 kHz). In the group with unilateral hearing aids, the average loss for the right 
ear was 53 dB HL and for the left ear 59 dB HL. In the group with bilateral hearing 
aids, the average loss for their right ear was 59 dB HL and for their left ear 63 dB HL. 
The aided word-recognition score was taken from the participant’s medical record 
chapter 3
Beijen.1056-Proefschrift.indd   46 20-07-2009   17:16:46
47
when he/she was about 10 years of age. This was not the score obtained in the initial 
fitting. The age of 10 years was chosen as a reference, because at this age, a child is 
less likely to have otitis media that might distort audiological performance and word-
school careers of hearing aid users
Table 1	 	Participant	characteristics
Male:female ratio
Year of birth
Estimated IQ
Average hearing loss (1000-
2000-4000 Hz) in dB
Average word-recognition 
score (%)
Type of primary school 
education
Children who repeated a 
class at primary school
Children who used a 
personal FM system at 
primary school
Type of secondary school 
education
Children who repeated a 
class at secondary school
Children who used a 
personal FM system at 
secondary school
Average amount of speech 
and language therapy 
(hours/child)
Qualification level
19 Unilateral 
hearing aid users
 8:11         
Mean 1975        
Range 1969-86
Normal (80-115) 15
Above normal (>115) 4
Right ear 53     
Left ear 59
 97
Regular 14 
Special 5
 4
                                                   
 5         
Regular 15
Special 4
 8         
 
 5         
 
 120          
Highest 2
Above average 2
Average 6
Below average 6
Did not graduate 3
21 Bilateral 
hearing aid users
 10:11        
Mean 1978
Range 1972-84
Normal 16
Above normal (>115) 5    
Right ear 59
Left ear 63
 96
Regular  14
Special 7
 1         
 8         
Regular  15
Special 6
 4          
 7          
 124         
Highest 3     
Above average 4      
Average 7      
Below average 7      
Did not graduate 0      
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recognition tests are likely to be reliable. A minimum word-recognition score of 70% 
is a rather arbitrary cut-off point, to make sure that sufficient hearing with hearing 
aids was indeed present. The speech material used to obtain the word-recognition 
score consisted of a list of 10 live-voice bisyllabic words presented in quiet. Three 
participants had progressive hearing loss, but were not excluded because their aided 
word-recognition scores remained largely unchanged throughout their school careers. 
In the unilaterally fitted group, the mean aided word-recognition score at 10 years of 
age was 97% and in the bilaterally fitted group 96%. All the participants obtained a 
100% word-recognition score, except for four participants in each group who obtained 
an aided word-recognition score between 70% and 100%. 
These selection criteria reduced the group to 58 participants: 31 bilateral hearing 
aid users and 27 unilateral hearing aid users. The main reason for exclusion was 
the unavailability of a medical record. We were unable to find a current address for 
five of the bilaterally fitted and three unilaterally fitted participants. Therefore, the 
questionnaire accompanied by an explanatory letter about the study, was sent to 26 
bilaterally fitted and 24 unilaterally fitted participants. A total of 21 bilaterally and 19 
unilaterally fitted hearing aid users responded and were divided over the two study 
groups; this was equivalent to a response rate of 80%. Most of the non-responders were 
those who had been sent a questionnaire, but whose addresses could not be confirmed 
with certainty beforehand and could not be reached by phone to check the receipt of 
the questionnaire, as was done in all other participants. The male-to-female ratio in 
the unilaterally fitted group was 8 : 11; in the bilaterally fitted group it was 10 : 11. 
The participants in the unilaterally fitted group were born between 1969 and 1986 
(mean,1975), while the participants in the bilaterally fitted group were born between 
1972 and 1984 (mean, 1978). Three participants did not sit for the final exams at the 
lowest level of education and were therefore given the lowest position in the analysis. 
On the basis of our inclusion criteria we assumed that no selection bias occurred.
Ethical considerations
All potential participants were first sent a letter in which the purpose of the study was 
explained to them. They were informed that the data they were asked to provide via 
the questionnaire would be anonymised. The majority of the potential participants 
were also contacted by telephone to answer any questions and to determine whether 
they wanted to participate before the questionnaire was send.
Statistical analysis
To deal with multiple ranked discrete variables that are inherently ordered such as 
‘qualification level’, ordered probit analysis was used to analyse the variables and correct 
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for their interdependence19. Dependent variables with binary outcomes, such as ‘school 
type’ or ‘repeating a class’, were analysed using a probit model. Dependent variables 
with ordinal outcomes such as ‘hours of speech and language therapy’ were analysed 
using multiple regression. To reduce the disturbance of non-significant variables, only 
variables that had a minimum association of 0.1 with the outcome parameter were 
included in the final model (Table 2). The main variable of interest in this study, i.e. 
‘bilateral versus unilateral hearing aid fitting’ was included in every final model.
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Table 2	 	Statistical	models	and	variables	used	for	different	
outcome	parameters
Outcome parameter
Qualification level
Type of primary 
school
Type of secondary 
school
Class failure at 
primary school
Class failure at 
secondary school
Personal FM system 
at primary school
Personal FM system 
at secondary school
Amount of speech 
and language 
therapy
Included variables
 -Type of fitting (bi/unilateral hearing aid fitting)
-Class failure at primary school
-Type of secondary school
-Class failure secondary school
-Personal FM system at secondary school
-Amount of speech and language therapy
-Type of fitting (bi/unilateral hearing aid fitting)
-Type of fitting (bi/unilateral hearing aid fitting)
-Type of primary school
-Type of fitting (bi/unilateral hearing aid fitting)
-Type of fitting (bi/unilateral hearing aid fitting)
-Class failure at primary school
-Amount of speech and language therapy
-Type of fitting (bi/unilateral hearing aid fitting)
-Type of primary school
-Type of fitting (bi/unilateral hearing aid fitting)
-Personal FM system at primary school
-Type of fitting (bi/unilateral hearing aid fitting)
-Type of primary school
-Class failure secondary school
Statistical 
model
Ordered 
probit
Probit
Probit
Probit
Probit
Probit
Probit
Multiple 
regression
Beijen.1056-Proefschrift.indd   49 20-07-2009   17:16:46
50
Results
Qualification level
The secondary school qualification level of the participants was positively and 
significantly associated with bilateral hearing aid fitting (P < 0.05), mainstream 
secondary school attendance (P < 0.01), use of a personal FM system at secondary 
school level (P < 0.05) and amount of speech and language therapy received (P < 0.03). 
Figure 2 shows that 33% of binaural hearing aid users achieved qualifications giving 
access to a bachelors degree (vwo and havo) compared with 21% of unilateral users. 
There was a negative association with having to repeat a school year at primary school 
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Figure 2	 Qualification	level	of	children	fitted	with	unilateral	and		
	 children	fitted	with	bilateral	hearing	aids	
This	study	was	conducted	in	The	Netherlands	where	there	are	different	levels	of		
secondary	school	education.	The	highest	levels,	giving	acces	to	a	bachelor	study,	are	vwo	
and	havo.	Mavo	is	the	average	level	and	vbo	is	below	average.
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level (P < 0.01), but a positive association with having to repeat a year at secondary 
school (P < 0.04).
School type
There were no significant differences in the type of primary school (P < 0.64) or 
secondary school (P < 0.78) attended by bilateral hearing aid users and unilateral 
hearing aid users.
Repeating a school year
The difference in hearing aid fitting was not associated with having to repeat a school 
year at primary school (P < 0.13) or at secondary school (P < 0.33).
Assistance
The participants who had attended special primary schools had received significantly 
more speech and language therapy (P < 0.01). No differences were observed between 
unilateral and bilateral hearing aid users (P < 0.84). 
Personal FM systems were used more often by those at special primary schools (P < 0.03). 
At secondary school personal FM systems were more common for children who had 
already been using them at primary school level (P < 0.01), regardless of whether they 
were unilateral or bilateral hearing aid users.
Discussion
In this study, no differences in school careers were found between children with one 
and those with two hearing aids on the basis of the parameters: type of school attended, 
repeating a school year and additional assistance received. However, the final outcome 
of these school careers, i.e. secondary school qualification level, is positively associated 
with bilateral hearing aid fitting.
Most previous studies that have used educational performance to measure differences 
between unilateral and bilateral hearing only focused on the period at school. Our study 
population of unilateral and bilateral hearing aid users did not contain significantly 
more repeaters in the unilateral hearing aid group. This is in contrast with the higher 
number of repeaters found among unilateral hearing impaired children compared 
with normal hearing children11. 
Another parameter that can be used to measure educational difficulties experienced 
by monaural listeners is the amount of additional assistance received. The amount of 
professional assistance used by participants in this study to help overcome academic 
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difficulties was reported to be very low (one bilateral hearing aid user and two 
unilateral hearing aid users). Therefore, we only looked at the amount of speech and 
language therapy received and the use of personal FM systems, to gain an impression 
of the additional assistance used during the school careers.
From these findings, it can be concluded that the increased need for assistance 
experienced by unilaterally hearing impaired listeners compared with normal hearing 
listeners is not present between those with one (unilateral hearing) and two (bilateral 
hearing) hearing aids in the present study10,12.
The course of a school career is informative in itself, but for each individual, the 
qualification level has the most lasting impact. Secondary school qualifications are the 
stepping-stone to a future career and in that sense, a lasting legacy of the education 
received. Consequently, we considered qualification level to be an important criterion
when measuring school performance. 
Bilateral fitting of hearing aids in childhood instead of unilateral fitting is associated 
with a higher qualification level (Fig. 2). This difference in performance between 
unilaterally and bilaterally fitted children can be due to several binaural advantages. 
An improved localization ability, use of the precedence effect or better understanding 
of speech in a noisy environment such as a classroom, might have given children 
with bilateral hearing aids an advantage over those with a unilateral hearing aid. The 
final level of qualification is further influenced by the use of a personal FM system 
during secondary school and the amount of speech and language therapy received. 
These outcomes underline the effectiveness of these types of assistance. The fact 
that the personal FM system makes a difference at secondary school level and not at 
primary school level is possibly due to the importance of learning foreign languages 
at secondary school level and the difference personal FM systems might make in 
acquiring such skills that are especially dependent on accurate perception. 
Having to repeat a primary school year was associated with a lower qualification 
level, whereas having to repeat a class at secondary school year was not. A possible 
explanation is that the children who had to repeat a year at primary school level 
were already struggling to achieve the basic level of education and were therefore 
more likely to be advised to pursue their school careers on one of the easier secondary 
school levels, ultimately resulting in a lower qualification level. The need to repeat 
a year at secondary school on the other hand merely caused a seemingly beneficial 
protraction of the school career. Special secondary school attendance was associated 
with a lower qualification level, even though these schools offer their pupils all 
qualification levels and the teachers are likely to have more time to pay individual 
attention to the children due to the small number of pupils per class.
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Conclusively, one can state that bilateral fitting of hearing aids in children does not 
lead to less class failure or assistance when compared with the unilaterally fitted 
children. Nevertheless, we feel that Libby’s recommendation to provide bilaterally 
hearing impaired people with two hearing aids is justified when looking at the results 
in this study especially when regarding the positive association with a parameter that 
has such a long-term effect as level of qualification15.   
With this in mind, it is interesting to look at the ongoing debate concerning bilateral 
versus unilateral hearing via cochlear implantation in children, in which arguments 
in favour of bilateral implantation still have to be balanced against the extra cost 
involved in having bilateral instead of unilateral cochlear implantation. When 
evaluating new concepts such as bilateral cochlear implantation it can be difficult to 
estimate future bilateral benefits. From that perspective, it might be valuable to take 
studies on different hearing devices into account such as the present study because 
it retrospectively analyses the same questions concerning the benefits of bilateral 
hearing devices.
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Sound localization ability of young children  
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Abstract
Objective: To evaluate the benefit of bilateral cochlear implantation in young children.
Study	Design: Clinical trial comparing a group of bilaterally implanted children with a 
group of unilaterally implanted children.
Setting: Tertiary referral center.
Patients: Five bilaterally implanted children (mean age at testing, 3 yr 7 mo) were 
compared with 5 unilaterally implanted children (mean age at testing, 5 yr 3 mo). 
Meningitis was the cause of deafness in all of the children.
Methods: Children were asked to localize a prerecorded melody band limited from 500 
to 4,000 Hz presented from loudspeakers placed at either -90 or 90 degrees or -30 or 30 
degrees azimuth. Their parents filled in the Speech, Spatial and Qualities of Hearing 
Scale (SSQ) and PedsQL questionnaires on hearing and health-related quality of life of 
their children.
Results: The bilaterally implanted children had significantly better scores on the 
localization test than the children with unilateral cochlear implants. The scores of the 
children with bilateral cochlear implants were also significantly higher on the spatial 
domain of the SSQ, which concerns localization. No significant differences were found 
in the speech and quality of hearing domains and the total scores on the SSQ or the 
PedsQL between the two groups.
Conclusion: Children with bilateral cochlear implantation already demonstrate an 
advantage over unilaterally implanted children at a young age.
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Introduction
Now that unilateral cochlear implantation has established itself as a beneficial option 
for people with profound deafness, the drive to provide maximum benefit has led to 
increased interest in bilateral implantation.
Bilateral cochlear implantation aims to restore binaural hearing to the greatest 
possible extent. Binaural hearing implies the use of interaural time differences, 
interaural level differences, and interaural spectral differences arising from the stereo 
input of a sound stimulus. Central processing of these interaural differences enables 
an individual to localize sound and improve speech recognition in noise via central 
demasking (squelch effect)1. Furthermore, bilateral input can result in a summation 
effect of the stimulus and permits the effective use of the head-shadow effect in which 
the head acts as a noise barrier to improve speech in noise perception in conditions 
where speech and noise are separated spatially2,3.
In adults, speech perception generally improved by adding a second implant, especially 
in noisy environments with spatially separated noise and speech sources4-6. The head-
shadow effect is considered to be the main contributor to this benefit.
Bilateral implantation also improves directional hearing, which has been demonstrated 
in a variety of test setups7-9. Van Hoessel and Tyler and Schoen et al. showed that in 
bilateral cochlear implant users, sound localization depends primarily on the detection 
of interaural differences in sound level9,10.
Most studies on bilateral cochlear implantation have been performed in adults. 
Notable exceptions are those of Kuhn-Inacker et al. and Litovsky et al.11,12,14. Kuhn-
Inacker et al. found that the performance of bilaterally implanted children on speech 
tests in quiet and in noise was significantly better when the children were using 
both implants instead of one11. Although the first results on speech perception and 
localization by bilaterally implanted children by Litovsky et al. were ambiguous, in 
more recent publications on localization abilities, they reported a significant benefit 
in a heterogeneous group of bilaterally implanted children12-14.
After comparing cortical response latencies in implanted children with different 
periods of auditory deprivation, Sharma et al. concluded that plasticity of the central 
auditory system is greatly reduced after age 7 years15. It can be hypothesized that 
children who receive their second implant before the age of 7 years will benefit more 
from binaural input than older implantees. The acknowledgement of this concept 
could result in an increase of bilateral implantations in young children.
The purpose of this study is to analyse from their performance on a binaural hearing 
test whether young (range, 2-6 yr) children benefit from bilateral cochlear implantation. 
Sound localization depends on the quality of central binaural processing of time and 
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sound level differences between the two ears. A localization test is better suited to show 
this quality than a speech test (in noise) because the latter is usually dominated by the 
head-shadow effect, which can be used by unilateral listeners as well, although they 
lack the binaural comparison to identify the better signal-to-noise ratio. Furthermore, 
given the aim to reliably establish a potential bilateral advantage in very young 
children, the feasibility of the clinical test was of paramount importance. Therefore, a 
localization task was considered to be most suitable.
To get a more complete impression of the impact of cochlear implantation, the parents 
were asked to fill in two questionnaires to broaden the scope from the children’s 
audiometric test results to their everyday life.
Methods
Subjects
At the cochlear implant center of the University Medical Centre St. Radboud/Viataal, 
approximately 275 children have received a unilateral cochlear implant since 1989. 
The first five bilaterally implanted children, who make up a small minority of the 
total population of pediatric cochlear implant users, comprised the study group 
(Table 1). After radiologic imaging had demonstrated bilateral progressive post-
meningitic obliteration of the lumen of the cochlea, they were implanted bilaterally to 
avoid ongoing osteoneogenesis from preventing a future opportunity for implantation 
in the event that the first implant fails. Currently, there is international consensus 
to provide bilateral cochlear implants in these children16. Owing to the subacute 
character of this condition, the children were implanted soon after the meningitic 
episode that caused their deafness (range, 1-4 mo). This medical indication provided 
us with the opportunity to study binaural processing in bilaterally implanted young 
children without ethical constraints regarding the selection of implantees.
Five unilaterally implanted children, who were selected to match the bilaterally 
implanted children as closely as possible with regard to demographic features 
including age and cause of deafness and who had a minimum experience with their 
cochlear implant of 1 year, comprised the control group.
The rationale for recruiting a control group instead of solely using the bilaterally 
implanted children as their own controls is that it seemed fair to compare two 
conditions (unilateral versus bilateral) in a way that the performance for each 
condition was represented by a child who is accustomed to the mode of hearing in 
which he or she is tested.
All but 1 of 5 (Subject 4) bilaterally implanted children had received both implants 
simultaneously. Subject 4 received the second implant 6 months after the first. 
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There was partial insertion of the electrode array in Subject 1 (right ear [AD] 19 of 22 
electrodes) and Subject 4 (left ear [AS] 15 of 22 electrodes, after drilling). The age of the 
5 bilaterally implanted children ranged from 2 to 6 years at the time of testing (mean, 
3 yr 7 mo). At the time of testing, the age of the 5 unilaterally implanted children 
ranged from 4 to 6 years (mean, 5 yr 3 mo). The bilaterally implanted children (mean, 
3 mo; range, 2-5) and 4 of 5 unilaterally implanted children (mean, 9 mo; range, 
2-17) had their implants activated within a year after they lost their hearing. All the 
children had been implanted before the age of 2 years with the Nucleus 24 Contour 
Advance combined with Sprint speech processors. Apart from deafness, none of the 
children showed residual postmeningitic neurologic impairment or other additional 
handicaps. At the time of the study, 9 of 10 children had been using their cochlear 
implant(s) for at least 1 year (Subject 3, 11 mo). In the bilaterally implanted children, 
each cochlear implant was adjusted according to the standard procedure, irrespective 
of the contralateral implant.
Localization Test
Because of the young age of the children, the localization test used is based on a double 
Visual Reinforcement Audiometry setup17. The child was placed on a chair in the middle 
of a virtual arc with a radius of 1 meter, with 1 Visual Reinforcement Audiometry 
system on each side. On the table placed in front of the child, a simple game was 
presented by an experienced assistant who sat directly opposite the child to keep the 
child occupied and focused within the center of the setup. The parent was allowed to 
be present during the test, but allocated away from the child and instructed to be quiet 
and avoid contact with the child. Because the child was looking at the game presented 
in front of him or her, and the assistant checked that no contact between the parent 
and the child occurred, it is assumed that the parents did not provide cues to their 
children. A prerecorded melody band limited from 500 to 4,000 Hz that resembled 
a familiar children’s song was used as the stimulus. This stimulus was presented at 
a fixed level of 65 dB sound pressure level, which was calibrated with a sound level 
meter (type Investigator 2260 by Bruel & Kjaer). Such a broadband stimulus might 
evoke several useful cues for directional hearing, for example, interaural intensity 
differences, interaural time differences, and interaural spectral differences. The test 
setup used in this study was not designed to analyse which cue was the effective cue 
for the implanted children. The melody was presented by an experienced audiologist 
who randomly alternated the origin of the stimulus between the two loudspeakers. 
The stimulus was presented until the child turned his or her head toward one of the 
loudspeakers; this never took more than 5 seconds. When the child turned his or 
her head correctly toward the stimulus, a teddy bear on that side started dancing 
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as a reward; if incorrect, nothing happened. The dancing teddy bear was shown for 
approximately 5 seconds. The audiologist scored the response when the child clearly 
looked and turned his or her head toward one side. The test started after a practice run 
confirmed that the child heard the stimulus and understood the procedure. This test 
was performed in 2 setups: first, with the loudspeakers positioned at -90 or 90 degrees 
azimuth, and second, at -30 or 30 degrees azimuth. The test procedure and scoring 
criteria were identical for the two setups.
Using a minimum of 15 presentations in each setup at -90 or 90 degrees and -30 or 30 
degrees azimuth, the unilaterally implanted children were tested with their single 
implant, whereas the bilaterally implanted children were tested with both implants. 
In addition, the bilaterally implanted children were tested at -90 or 90 degrees using 
each implant separately to test their unilateral performance. Because the children 
usually could not clearly indicate a preference for 1 side and were simultaneously 
implanted, it was decided to take the average of the scores obtained with the left and 
right implant (20 presentations, 10 in each condition) as a representation of their 
unilateral localization performance.
Questionnaires
To highlight different aspects of a child’s life with a cochlear implant, two questionnaires 
were chosen and administered in Dutch.
The functional Speech, Spatial and Qualities of Hearing Scale (SSQ), developed by 
Gatehouse and Noble18, is designed to measure these three domains of hearing in 
everyday situations by means of a visual analogue scale that ranges from 0 to 10. We 
used a nonvalidated version containing 23 questions, which is an adaptation by Dr. 
K.L. Galvin (use of this adapted version of the SSQ has been approved by Dr. K.L. Galvin, 
Research Fellow of the Department of Otolaryngology, University of Melbourne) 
for parents of children with impaired hearing. In this localization study, the scores 
obtained on the spatial domain of the SSQ were evaluated separately. The spatial 
domain includes six questions (e.g., “Your child is standing on the footpath of a busy 
street. Can he or she hear right away which direction a bus or truck is coming from 
before seeing it?”).
The PedsQL 4.0 developed by Varni et al. is a generic quality-of-life questionnaire for 
children19. There are several versions to ensure its age-appropriateness. Answers were 
provided on a 5-point Likert scale to questions on topics such as physical, emotional, and 
social well-being. In this study, the parent proxy version of the PedsQL 4.0 was used.
The questionnaires (SSQ, PedsQL) were handed out to the parents by one of the 
investigators who explained the questionnaires but refrained from any interference 
when the questionnaires were being completed.
sound localization with bilateral cochlear implants
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Statistical Analysis
A minimum of 15 measurements were recorded for each setup. With a probability to 
answer correctly of 50% and an accepted statistical significance of p < 0.05, it follows 
from the binomial test that a score lower than 28% or higher than 71% is significantly 
different from chance.
The Mann-Whitney U test was used to analyse the results between the unilaterally and 
bilaterally implanted group on the localization test (dependent variable, percentage 
correct) and on the questionnaires (dependent variable, average overall or subdomain 
score). The Wilcoxon signed rank test was used to compare the scores on the spatial 
subdomain of the SSQ with the average overall of the SSQ.
Results
Localization Test
With the stimulus coming from 90 or -90 degrees (Table 2; Fig. 1), the bilaterally 
implanted group demonstrated a significant benefit (p < 0.01; mean bilateral versus 
unilateral, 96% versus 37%).
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When the angle between the loudspeakers was narrowed down to -30 or 30 degrees 
from the midline, there was still a significant difference between the 2 groups 
(p < 0.01; mean bilateral versus unilateral, 92% versus 40%).
In the bilaterally implanted children, comparison of their bilateral performance to their 
own unilateral performance showed a significant benefit of bilateral implantation, 
with p < 0.01 in all individuals.
Their performance when only 1 speech processor was switched on (unilateral condition) 
in the -90 or 90 degrees setup was similar to the performance of the unilaterally 
implanted children who are using this mode of listening every day (p < 0.59; mean 
unilateral [bilateral group] versus unilateral [unilateral group], 36% versus 37%).
SSQ Questionnaire
The average overall scores on the SSQ (Table 3) did not differ significantly between the 
two groups (p < 0.47; mean bilateral versus unilateral, 7.1 versus 6.6).
On the spatial domain of the SSQ (Fig. 2), which measures the sound localization 
ability of a child in everyday life, the parents of the bilaterally implanted children gave 
significantly higher scores than the parents of the unilaterally implanted children 
(p < 0.03; mean bilateral versus unilateral, 7.7 versus 5.4).
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Table 3	 	SSQ	scores
 Subject Cochlear SSQ SSQ
  Implant total score spatial score
  1 Bilateral 4.50 5.90
 2 Bilateral 6.57 6.42
 3 Bilateral 6.86 7.83
 4 Bilateral 7.95 8.67
 5 Bilateral 9.40 9.50
 6 Unilateral 6.69 6.40
 7 Unilateral 7.17 6.08
 8 Unilateral 5.98 3.83
 9 Unilateral 6.68 4.83
 10 Unilateral 6.52 5.67
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The scores of the bilaterally implanted children on the spatial domain were relatively 
high compared with their average overall scores (p < 0.05; SSQ spatial versus SSQ 
overall, 7.7 versus 7.1), whereas the unilaterally implanted children had relatively low 
scores on the spatial domain (p < 0.05; SSQ spatial versus SSQ overall, 5.4 versus 6.6).
PedsQL Questionnaires
The PedsQL 4.0 (Table 4) did not reveal a difference in the perception of the parents 
of the bilaterally and unilaterally implanted group with regard to their children’s 
quality of life (p < 0.92; mean score bilateral versus unilateral, 90% versus 89%).
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Discussion
The -90 or 90 degrees and -30 or 30 degrees localization test with broadband sound 
used in this study shows a convincingly significant benefit in the bilaterally implanted 
group compared with the unilaterally implanted control group. Several unilaterally 
implanted children scored less than chance level, which is surprising provided that 
even for unilateral listeners, there are cues such as relative intensity differences 
between two loudspeakers that theoretically might have helped them in this test. This 
below chance score might be explained by the fact that some indecisive responses 
were also marked as negative.
The localization ability in bilaterally implanted children has also been studied by 
Litovsky et al., who measured the smallest change in azimuth position of a sound 
source that could be discriminated13,14. This was 20 degrees on average for the 6 
bilaterally implanted children (age range, 5-14 yr) who were studied14. The impressive 
localization ability of bilaterally implanted children in the present study is in 
concordance with the findings of Litovsky et al. of a significant bilateral benefit13,14. 
However, apart from using different methods to measure localization ability, there 
are considerable differences between the study populations. Unlike the bilaterally 
chapter 4
Table 4	 	PedsQl	score
 Subject Cochlear Parental
  Implant score
  1 Bilateral 87
 2 Bilateral 93
 3 Bilateral 87
 4 Bilateral 93
 5 Bilateral 91
 6 Unilateral 92
 7 Unilateral 98
 8 Unilateral 72
 9 Unilateral 86
 10 Unilateral 99
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implanted children in this study, all the bilaterally implanted children tested by 
Litovsky et al. had been implanted sequentially, had varying causes of deafness, and 
differed widely in age (range, 3-16 yr)13,14. At the time of testing, 4 of 5 children with 
bilateral cochlear implants in this study were younger than the youngest child in the 
studies presented by Litovsky et al., and all of the children in the present study had 
their cochlear implant(s) for at least 1 year13,14.
The results in the present study suggest that children are capable of more precise 
localization than could be shown in the accessible setup with a minimal angle of 
30 degrees from the midline. Although it might be worthwhile to make a test more 
complicated, it is important to take into account the endurance and attention span of 
young children because these factors might affect the reliability of a test. This makes 
the accessible 15-minute test in the present study a valuable tool to establish binaural 
hearing in young implantees.
Unlike most other publications on bilateral cochlear implantation, this study 
combines audiologic measurements with questionnaires. Average overall scores 
on the SSQ revealed that the parents of the bilaterally implanted children did not 
rate the hearing of their children as significantly better than the parents of the 
unilaterally implanted children. However, there was a significant difference in the 
parents’ interpretation of their children’s ability to localize sounds in everyday life 
as indicated by the scores on the spatial domain of the SSQ. Figure 2 shows that the 
bilaterally implanted children had better scores on the spatial domain of the SSQ, 
which represents a subjective superiority that was confirmed by the objective scores 
on the localization test. The finding in this study, using an adapted version of the SSQ, 
that the bilaterally implanted children showed most benefit on the spatial domain 
of this disease-specific questionnaire is consistent with a study by Summerfield et al., 
in which bilaterally implanted adults, when compared with unilaterally implanted 
adults, showed greater improvements on the spatial domain of the SSQ than on 
the speech or quality of hearing domain20. In this study, the unilaterally implanted 
children even score marginally better on the speech and quality of hearing domain. 
The lack of superiority on these domains for the bilaterally implanted children might 
be caused by the more complex nature of speech and quality of hearing issues, in 
which the older age of the group of unilaterally implanted children might have been 
a relatively great advantage for them. One can also view the skill to localize as an early 
apparent benefit of bilateral implantation compared with other possible benefits such 
as speech understanding.
Parent proxy reporting on the generic health-related quality of life PedsQL 4.0 
questionnaire did not detect a difference between the unilaterally and bilaterally 
implanted children. The average overall scores obtained from both groups were 
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surprisingly high given the average for healthy children (mean, 81%; standard deviation, 
16%)19. This causes some doubt regarding the appropriateness of this instrument for 
hearing-impaired children. However, in a study on unilateral implantation in children, 
Cheng et al. also reported high parent proxy scores on several other generic quality-of-
life measures21. The difficulty to establish a significant bilateral benefit when unilateral 
scores are already close to the ceiling is reflected in the non-significant difference 
of the scores on the PedsQL 4.0 questionnaire in this study. This is also found in 
bilaterally implanted adults who generally show no significant advantage compared 
with unilaterally implanted adults in generic measures of quality of life20. Apart from 
questioning the appropriateness of the instruments used, one might consider that 
within the broader framework of health-related quality of life, differences in binaural 
hearing ability are not as crucial as the clear differences on audiologic tests might 
lead us to think.
We matched the control group for age, cause of deafness, and minimum experience 
with cochlear implant of more than 1 year. This resulted in a control group of 
unilaterally implanted children who were implanted at a similar age as the bilaterally 
implanted children, but with disadvantages of longer duration of deafness and earlier 
age at the onset of deafness. Main advantages of the unilaterally implanted group are 
more experience with their implants and an older age.
It is unlikely that these differences in demographic characteristics have had an 
important influence on the localization test scores because the unilaterally and 
bilaterally implanted children obtained similar scores on the localization test when 
the bilaterally implanted children used only one implant (mean bilateral versus 
unilateral, 36% versus 37%). The lack of influence of demographic differences shown 
on the localization test does not necessarily apply to the questionnaire scores, but from 
the data in this study, it is not possible to draw conclusions concerning the relative 
impact of each separate demographic characteristic on these scores.
This study shows bilateral benefit in very young children who are likely to stand in the 
spotlight of bilateral cochlear implantation because of recently established advantages 
of early implantation and current indications for bilateral implantation15,16. In this 
study, the indications for bilateral implantation were primarily medical (bilateral 
cochlear ossification). However, based on the advantages displayed by the young 
bilateral implantees in this study, it might be too restrictive when future candidacy 
would be limited to only those with postmeningitic deafness.
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Abstract
Objectives: To predict bimodal benefit before cochlear implantation, we compared the 
performances of participants with bimodal fitting and with a cochlear implant alone 
on speech perception tests.
Methods: Twenty-two children with a cochlear implant in one ear and a hearing aid in 
the other (bimodal fitting) were included. Several aided and unaided average hearing 
thresholds and the aided phoneme recognition score of the hearing aid ear were 
related to the bimodal benefit on a phoneme recognition test in quiet and in noise. 
Results with bimodal fitting were compared to results with the cochlear implant alone 
on a phoneme recognition test in quiet and in noise.
Results: No relationship was found between any of the hearing thresholds or the 
aided phoneme recognition score of the hearing aid ear and the bimodal benefit on 
the phoneme recognition tests. At group level, the bimodal scores on the phoneme 
recognition tests in quiet and in noise were significantly better than the scores with 
the cochlear implant alone.
Conclusions: Preoperatively available audiometric parameters are not reliable 
predictors of bimodal benefit in candidates for cochlear implantation. Children with 
unilateral implants benefit from bimodal fitting on speech tests. This improvement 
in performance warrants the recommendation of bimodal fitting even when bimodal 
benefit cannot be predicted.
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Introduction
The majority of deaf people who use a cochlear implant have a profound bilateral 
hearing loss that may be treated with unilateral cochlear implantation. The level 
of auditory rehabilitation achieved by using one implant often includes a fair 
level of speech understanding in quiet1. Despite these promising achievements, 
unilateral cochlear implantation cannot provide binaural hearing. Increasingly more 
studies conclude that compared with unilateral implantation, binaural hearing 
in bilateral implantees leads to significantly improved localization abilities and 
speech understanding, especially in noise2,3. Despite these benefits, bilateral cochlear 
implantation is currently in most countries still reserved for a small percentage of 
those with profound bilateral hearing loss (e.g. children with postmeningitic cochlear 
osteoneogenesis)4. This is partly due to the procedure costs of bilateral cochlear 
implantation, which jeopardize its cost-effectiveness5. 
Children preferably undergo implantation at an age at which they still possess the 
cerebral plasticity beneficial for developing binaural hearing. In the case of auditory 
deprivation in the first 7 years of life, chances of successful development of binaural
hearing seem reduced6. Even in mature ears, a lack of auditory stimulation has been 
shown to deteriorate speech understanding in the unaided ear7,8. In unilaterally 
implanted children, one could therefore argue that it makes sense to stimulate the 
non-implanted ear in order not to reduce the chance of successful future bilateral 
implantation when the child does not qualify for bilateral implantation with the 
current guidelines. A more obvious reason to use the non-implanted ear than the aim 
to minimize its deterioration would be an actual contribution of the non-implanted 
ear to the present hearing ability of someone with a cochlear implant. 
To achieve auditory stimulation in the non-implanted ear when bilateral implantation 
is not an option, the patient will need to use a well-fitted conventional hearing 
aid. When using a hearing aid in one ear and a cochlear implant in the other, it is 
necessary to combine qualitatively and quantitively different inputs in either ear with 
the poorest aided thresholds usually in the ear with a hearing aid. This combined 
input sets bimodal hearing (acoustic stimulation in one ear and electric stimulation in 
the other) apart from aided binaural hearing achieved through bilateral hearing aids 
or bilateral cochlear implants. Several studies have shown that the use of a hearing aid 
contralateral to the cochlear implant is likely to provide an advantage over the use of 
a single cochlear implant9-13. This suggests that bimodal stimulation could be another 
method of providing people with profound hearing loss with binaural cues leading to 
improved speech understanding and/or sound localization abilities. The presence of 
residual hearing seemed a logical prerequisite to enable effective use of the hearing 
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aid. Nevertheless, it appears that a bimodal advantage can even be obtained with an 
average hearing loss (500, 1.000, and 2.000 Hz) of up to 100 dB hearing level (HL) 14.
In the present study we aimed to determine whether it is possible to identify those 
children who are likely to experience improved speech understanding from a 
hearing aid in the ear contralateral to the cochlear implant. In addition, the bimodal 
performance of the children was compared to their performance with a cochlear 
implant alone on a phoneme recognition test in quiet and on a phoneme recognition 
test in noise.
Materials and methods
Participants
In the present study 22 children who all used a cochlear implant in one ear and a 
hearing aid in the contralateral ear were included (Table 1). The participants had to 
have received the implant at least 1 year before the test. This resulted in a study group 
with a mean bimodal experience of 3 years 7 months at the time of testing. The mean 
age of the children was 12 years. Two motivated participants who were slightly older 
(19 and 20 years of age) were also included in this study. The participants had various 
causes of deafness ranging from hereditary and meningitis to unknown causes, but 
they had in common that they all had profound hearing loss at an early age (mean, 8 
months). There was quite some variation in the age of implantation (mean, 8 years 4 
months) and in the duration of the period between the onset of profound hearing loss 
and the switch-on of the cochlear implant (mean, 7 years 7 months). All children had 
been wearing hearing aids before cochlear implantation and continued to do so in the 
non-implanted ear after implantation. The mean duration of hearing aid usage in the 
non-implanted ear was 9 years 11 months. The regular daily use of the hearing aid by 
the children was confirmed in an interview. 
The cochlear implant settings of the participants were regularly evaluated for the 
present study. To assess the quality of the hearing aid fitting, we calculated the target 
gain, based on hearing thresholds, by use of the National Acoustics Laboratory rule15.
In only 1 child, the measured values (average of thresholds at 500, 1.000. and 2.000 Hz) 
were more than 5 dB below the target. This was a child with the best aided hearing 
thresholds in the low frequencies (averaging 30 dB), in whom the hearing aid was fitted 
such that optimal amplification was reached in the sloping part of the audiogram 
(500 to 1.000 Hz). Above 1.500 Hz, the hearing thresholds were poor, and no gain was 
provided in that frequency range. This child (1 of the original 23 participants) was 
excluded from the study.
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To assess loudness balance between the cochlear implant and the hearing aid, we asked 
the participants to score the loudness of running speech presented at overall levels of 
65, 80, and 95 dB sound pressure level (SPL) on a 6-point scale. The presentation level 
was varied at random. The loudness ratings given when the cochlear implant or the 
should bimodal fitting be recommended ?
Table 1	 	Participant	characteristics
Number of participants
Sex                                         
Cause of deafness (years; months)
Age at time of testing (years; months)
Age at diagnosis of profound hearing loss                     
(years; months)
Age at implantation (years; months)
Duration between onset of profound hearing loss 
and cochlear implantation (years; months)          
Experience with cochlear implant at time of 
testing (years; months)
Experience with hearing aid at time of testing                    
(years; months)
Difference in experienced loudness between 
hearing aid ear and implanted ear of a 65 dB HL 
broadband tone (6 point scale)
Average hearing threshold of the implanted ear at 
500-1000-2000 Hz before implantation  (dB HL)
Average hearing threshold of the implanted ear 
at 500-1000-2000 Hz while using the cochlear 
implant  (dB HL)
 22
male:female: 6:16
hereditary/congenital: 4
unknown/congenital: 7
unknown/not congenital: 9 
meningitis: 2   
mean: 12;0            
range: 5;8 – 20;3
mean: 0;8
range: 0;0 – 3;7
mean: 8;4
range: 1;6 – 15;7
mean: 7;7
range: 0;4 – 15;7
mean: 3;7
range: 0;11 – 8;8
mean: 9;11
range: 3;8 – 18;0
mean: 0,6
range: 0-1.7
mean: 108
range: 87 – 120
mean: 35
range: 17 - 50
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hearing aid was used alone, in response to the 65-dB SPL stimuli, were compared with 
one another. The response to the 65-dB SPL stimulus was used because this was the 
loudness at which the tests were presented. The mean absolute difference of 0.6 point 
on the 6-point scale that was found suggested that there was no major discrepancy 
(p= 0.10, sign test) between the perceived loudness levels in the implanted and the 
hearing aid ears. It was decided not to adjust the volume input of either device, because 
of an absence of a reported interaural imbalance and because such an adjustment 
might have confused the children just before the test.
Methods
The bimodal benefit in this study is defined as the difference between scores obtained 
in the bimodal setting (cochlear implant and hearing aid) and when a cochlear 
implant alone was used. The following prognostic variables (Table 2) were used to 
analyse whether the bimodal benefit on the speech tests could be predicted: average 
pure tone threshold of the hearing aid ear at 250 and 500 Hz, at 500, 1.000. and 2.000 
Hz. and at 2.000 and 4.000 Hz and the score of the hearing aid ear on a phoneme 
recognition in quiet test.
The above-mentioned hearing thresholds of the hearing aid ear were measured in 
aided (with hearing aid) and unaided settings. These variables were Analysed for their 
relationship with the bimodal advantage measured on a phoneme recognition test in
quiet and on a phoneme recognition test in noise. This was done to determine whether 
test scores of the hearing aid ear can be used to establish before implantation if a 
cochlear implantee will benefit from a hearing aid in the contralateral ear. Hearing 
thresholds and phoneme recognition scores constitute common selection criteria used 
to determine before operation which ear to implant and may play a role in selecting 
candidates for bilateral implantation. It is at that stage that it is valuable to know 
whether bimodal fitting can offer a viable alternative. 
The phoneme recognition score was determined with standard phonetically balanced 
word lists of a Dutch monosyllabic word test suitable for participants of 6 years and 
older16. The words were presented from the front at a level of 65 dB SPL. The phoneme 
recognition score was determined for the conditions in which the participant was 
using the hearing aid alone, in which he or she was using the cochlear implant alone, 
and in which both were being used (bimodal condition). The score for each condition 
was determined by averaging the scores of 2 lists (66 phonemes in total).
For the phoneme recognition in noise test, 2 other lists of words from the same Dutch 
monosyllabic word test were used. They were presented from the front at a level of 
65 dB SPL while a speech-weighted noise of 60 dB SPL was presented at 90° azimuth 
on the side of the implanted ear. This test was carried out when the cochlear implant 
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was used alone and in the bimodal condition. Because of time constraints, 1 of the 22 
children did not participate in the phoneme recognition in noise test.
Multivariate linear regression was used to analyse the relationship of the hearing 
thresholds and the phoneme recognition in quiet score of the hearing aid ear with the 
potential bimodal benefit on the phoneme recognition tests in quiet and noise. The 
variables age, experience with bimodal fitting (which was equivalent to experience 
with cochlear implant) and age of implantation were included and remained in the 
model when they had an association with the dependent variable with a level of 
significance smaller than 0.10. The performance on the phoneme recognition tests 
in the bimodal setting was compared to the performance with the cochlear implant 
alone by a Wilcoxon signed rank test. The level of significance used was 0.05 (p-value).
Results
There was no relationship (Table 2)	between the unaided and aided average hearing 
thresholds at 250 to 500 Hz of the hearing aid ear and the bimodal benefit (score in 
bimodal condition minus score in cochlear implant-alone condition) on the phoneme 
recognition in quiet test (unaided, p= 0.39; aided, p= 0.63) or on the phoneme recognition 
in noise test (unaided, p= 0.31 ; aided, p= 0.33). There was a similar lack of relationship 
between the aided and unaided average hearing thresholds at 500, 1.000, and 2.000 
Hz of the hearing aid ear and the bimodal benefit on the phoneme recognition in 
quiet test (unaided, p= 0.57; aided, p= 0.32) and on the phoneme recognition in noise 
test (unaided, p= 0.45; aided, p= 0.84). The individual relationships between the aided 
average hearing threshold at 500, 1.000, and 2.000 Hz and the bimodal benefit on the
speech tests are depicted in Figure 1 and 2.
The average hearing thresholds at the higher frequencies (2.000 and 4.000 Hz) also 
did not show a significant relationship (Table 2) with the bimodal benefit on the 
phoneme recognition in quiet test (unaided, p= 0.08; aided, p= 0.10) or on the phoneme 
recognition in noise test (unaided, p= 0.36; aided, p= 0.38).
The aided phoneme recognition score of the hearing aid ear was not related to the size 
of the bimodal benefit on the phoneme recognition test in quiet (p= 0.62) or on that 
in noise (p= 0.68).
All analyses were univariate because none of the variables (age, experience with bimodal 
fitting, and age of implantation) originally included in the multivariate analysis had 
an association with the outcome variable with a level of significance smaller than 0.10 
and they were therefore stepwise excluded from the model to prevent unnecessary 
disturbance.
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The group results obtained in the bimodal condition on the phoneme recognition in 
quiet test (Figure 2) were signifi cantly (p= 0.03) better than the group results obtained 
when the cochlear implant alone was used (bimodal condition, 71% correct; cochlear 
implant-alone condition, 66% correct). A signifi cant difference (Fig 3) between the 
bimodal and cochlear implant-alone conditions was also evident (p= 0.02) on the 
phoneme recognition in noise test (bimodal condition, 41% correct; cochlear implant-
alone condition, 35% correct).
Similar outcomes were found when we carried out the analyses as mentioned above 
but with the exclusion of 2 participants with a loudness imbalance of 1.5 points or 
more and/or the exclusion of the 2 participants with the least consistent hearing aid 
use. It was therefore decided not to exclude these participants.
should bimodal fitting be recommended ?
Figure 1	 	Individual	relationship	between	aided	average	hearing	
threshold	at	500-1000-2000	Hz	and	bimodal	benefit	on	the	
speech	perception	test	in	quiet
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Discussion
In the present study no relationship was found between variables that are available 
before cochlear implantation and the additional value of a hearing aid in the 
contralateral ear after cochlear implantation. The variables concerned were unaided 
and aided average hearing thresholds (250 and 500 Hz; 500, 1.000. and 2.000 Hz; 2.000 
and 4.000 Hz) and the aided phoneme recognition in quiet score of the hearing aid ear. 
The benefi t of the bimodal condition over the cochlear implant alone condition was 
measured via the difference between these two conditions on a phoneme recognition 
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Figure 2	 	Individual	relationship	between	aided	average	hearing	
threshold	at	500-1000-2000	Hz	and	bimodal	benefit	on	the	
speech	perception	test	in	noise
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test in quiet and one in noise. On both tests, the group results were signifi cantly better 
in the bimodal condition.
The average thresholds at 250 and 500 Hz were taken into account because this was 
assumed to be a frequency range in which a hearing aid was likely to complement 
cochlear implant use17. In this study, however, the aided and unaided hearing thresholds 
at 250 and 500 Hz were not related to the bimodal benefi t. Also, the clinically often 
used average threshold at 500, 1.000. and 2.000 Hz and the average threshold at the 
key speech frequencies 2.000 and 4.000 Hz cannot be used to predict bimodal benefi t. 
Previous studies in which only limited investigations of the use of hearing thresholds 
as a predictor for bimodal benefi t were carried out also failed to fi nd a relationship9-11. 
Morera et al. were optimistic about the use of disyllabic word scores of the hearing aid 
ear in predicting bimodal benefi t for speech in noise on the basis of their study with 
12 bimodally fi tted adult participants12. This study did not confi rm such a predictive 
value of speech intelligibility scores (phoneme recognition) of the hearing aid ear for 
bimodal benefi t in quiet or in noise. For this comparison, it must be noted that the 
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Figure 3	 Group	phoneme	recognition	scores	in	quiet.	Words	were	
	 presented	from	the	front
The	mean	score	for	the	cochlear	implant	alone	was	66%	(error	bar	representing	standard	
error	of	4,5%).	The	mean	score	for	the	bimodal	condition	was	71%	(error	bar	representing	
standard	error	of	4,2%).
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present study differed from the one by Morera et al. in using monosyllabic instead 
of disyllabic words and investigating 22 pediatric instead of 12 adult participants. 
A relationship with the amount of residual hearing has been extensively investigated 
in this study by use of various aided and unaided hearing thresholds and a phoneme 
recognition score. None of the indicators of the amount of residual hearing could be 
used to predict the extent of the bimodal benefi t. These fi ndings point out that those 
with minimal residual hearing should not automatically be categorized as cochlear 
implantees for whom bimodal fi tting is futile.
The inability to predict before operation the extent or even presence of a potential 
bimodal benefi t means that it is diffi cult to take bimodal fi tting into consideration 
when a decision has to be made before operation for an individual patient with 
regard to the additional value of bilateral implantation over unilateral implantation. 
An otherwise suitable candidate for bilateral implantation should, with regard to 
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Figure 4	 Group	phoneme	recognition	score	in	noise.	Words	were	
	 presented	from	the	front,	noise	was	presented	on	the	side	
	 of	the	implanted	ear	
The	mean	score	for	the	cochlear	implant	alone	was	35%	(error	bar	representing	standard	
error	of	4,7%).	The	mean	score	for	the	bimodal	condition	was	41%	(error	bar	representing	
standard	error	of	4,4%).		
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hearing rehabilitation, not be deprived of the benefits of a second implant because of 
the option of bimodal fitting. This is because bimodal fitting offers a less certain and 
probably qualitatively non-equivalent bilateral alternative for which, according to the 
present study, the best candidates cannot be identified beforehand9.
On the phoneme recognition in quiet test, 18 of the 22 children showed a bimodal 
benefit (Figure 2). At the group level, there was a significant advantage (p= 0.03) for 
the bimodal condition. It is promising to find that auditory input through bimodal 
fitting is subtle enough to produce a binaural benefit on a phoneme recognition in 
quiet test, because it is mainly dependent on binaural summation, which is one of 
the smaller binaural effects, even in normal-hearing individuals (approximately 3 
dB of enhancement) 15. Similar results were found regarding the bimodal benefit on 
speech perception tests in other studies, which also showed that bimodal benefit is 
less evident if words instead of sentences are used for testing12, 14. 
In listening to speech in noise, binaural cues can substantially diminish the disturbing 
effect of background noise on speech understanding via the squelch effect and easier 
use of the head shadow effect. This is why a binaural benefit in speech understanding
is usually more noticeable in the presence of background noise. Of the 21 children who 
underwent the phoneme recognition in noise test, 16 displayed an improvement when 
a hearing aid was added to the cochlear implant. There was a significant difference 
(p= 0.02) between the group score obtained in the bimodal condition and that obtained 
with the cochlear implant alone. To test speech understanding in noise, we had the 
words originate from a loudspeaker placed in front of the child while the noise came 
from a loudspeaker placed at the side of the implanted ear. This test setup resulted in a 
relatively beneficial sound-to-noise ratio caused by the head shadow effect on the side 
on which the hearing aid was added. This head shadow effect is likely to be responsible 
for the better bimodal group score; this finding is in agreement with other studies 
on speech understanding in noise9,10. Although monaural listeners can use the head 
shadow effect as well, it is the binaural input (in this study provided by bimodal fitting) 
that increases the likelihood of their functionally using it.
With regard to the present study, it must be pointed out that the children who 
participated were the ones who used a hearing aid in addition to their cochlear implant 
in everyday life. One has to realize that there will also be children with unilateral 
implants who previously used bimodal fitting, but for some reason do not use their 
hearing aid anymore. This means that there is a risk that the subjects whom we 
studied might give a too optimistic view of the possibilities of bimodal fitting because 
they belong to the group that has decided it is worthwhile to continue wearing a 
hearing aid. Furthermore, it has to be taken into account that the conclusions in this 
study are based on group results and that in some cases (Figure 1) the hearing aid 
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seemed to have distorted rather than improved the performance of the participant. 
Studies that investigate a stringently selected group (e.g. bimodally fitted children) can 
be clinically relevant, because it is usually very clear to whom the results apply, but 
a limited number of participants can make it more difficult to establish potentially 
significant relationships.
Conclusively, the findings in this study point out that it is difficult to identify those 
who will benefit from bimodal fitting. This uncertainty should not veil the promising 
results of bimodal fitting as shown by the speech tests in this study, but it justifies 
an even more scrutinizing look at the investment involved in attempting to obtain 
such a bimodal benefit. Unlike cochlear implantation, the choice to use a hearing 
aid is associated with moderate costs aid is reversible at all times. In our opinion, it 
is therefore reasonable to recommend a hearing aid in the ear contralateral to the 
cochlear implant for all children with unilateral implants in order to offer them the 
chance to experience a bimodal benefit.
chapter 5 should bimodal fitting be recommended ?
Beijen.1056-Proefschrift.indd   88 20-07-2009   17:16:52
89
should bimodal fitting be recommended ?
Beijen.1056-Proefschrift.indd   89 20-07-2009   17:16:52
90
Reference List
(1)  O’Donoghue GM, Nikolopoulos TP, Archbold SM, Tait M. Speech perception in children 
after cochlear implantation. Am	J	Otol 1998 November;19(6):762-767.
(2)  Beijen JW, Snik AF, Mylanus EA. Sound localization ability of young children with bilateral 
cochlear implants. Otol	Neurotol 2007 June;28(4):479-485
(3) Murphy J, O’Donoghue G. Bilateral cochlear implantation: an evidence-based                                                                 
medicine evaluation. Laryngoscope	2007 August; 117:1412-1418.
(4)  Offeciers E, Morera C, Muller J, Huarte A, Shallop J, Cavalle L. International consensus 
on bilateral cochlear implants and bimodal stimulation. Acta	Otolaryngol 2005 
September;125(9):918-919.
(5)  Summerfield AQ, Barton GR, Toner J, McAnallen C, Proops D, Harries C, Cooper H, Court 
I, Gray R, Osborne J, Doran M, Ramsden R, Mawman D, O’Driscoll M, Graham J, Aleksy 
W, Meerton L, Verschure C, Ashcroft P, Pringle M. Self-reported benefits from successive 
bilateral cochlear implantation in post-lingually deafened adults: randomised controlled 
trial. Int	J	Audiol 2006;45(Supplement 1):S99-S107.
(6)  Sharma A, Dorman MF, Kral A. The influence of a sensitive period on central auditory 
development in children with unilateral and bilateral cochlear implants. Hear	Res 2005 
May;203(1-2):134-143.
(7)  Gelfand SA, Silman S. Apparent auditory deprivation in children: implications of 
monaural versus binaural amplification. J	Am	Acad	Audiol 1993 September;4(5):313-318.
(8)  Hurley RM. Onset of auditory deprivation. J	Am	Acad	Audiol 1999 November;10(10):529-534.
(9)  Litovsky RY, Johnstone PM, Godar SP. Benefits of bilateral cochlear implants and/or hearing 
aids in children. Int	J	Audiol 2006;45 Suppl 1:78-91.
(10)  Dunn CC, Tyler RS, Witt SA. Benefit of wearing a hearing aid on the non-implanted ear in 
adult users of a cochlear implant. J	Speech	Lang	Hear	Res 2005 June;48(3):668-680.
(11)  Ching TY, Incerti P, Hill M, van WE. An overview of binaural advantages for children and 
adults who use binaural/bimodal hearing devices. Audiol	Neurootol 2006;11 Suppl 1:6-11.
(12)  Morera C, Manrique M, Ramos A, Garcia-Ibanez L, Cavalle L, Huarte A, Castillo C, Estrada 
E. Advantages of binaural hearing provided through bimodal stimulation via a cochlear 
implant and a conventional hearing aid: a 6-month comparative study. Acta	Otolaryngol 
2005 June;125(6):596-606.
chapter 5 should bimodal fitting be recommended ?
Beijen.1056-Proefschrift.indd   90 20-07-2009   17:16:52
91
(13)  Luntz M, Shpak T, Weiss H. Binaural-bimodal hearing: concomitant use of a 
unilateral cochlear implant and a contralateral hearing aid. Acta	Otolaryngol 2005 
August;125(8):863-869.
(14)  Ching TY, Psarros C, Hill M, Dillon H, Incerti P. Should children who use cochlear implants 
wear hearing aids in the opposite ear? Ear	Hear 2001 October;22(5):365-380.
(15)    Dillon H: Prescribing hearing aid performance, chapter 9; in Dillon H: Hearing Aids 1st 
edition, pp 255-256. Thieme 2001, Stuttgart
(16)  Bosman AJ, Smoorenburg GF. Intelligibility of Dutch CVC syllables and sentences    for 
listeners with normal hearing and with three types of hearing impairment. Audiology 1995 
September;34(5):260-284.
(17)  Kong YY, Stickney GS, Zeng FG. Speech and melody recognition in binaurally combined 
acoustic and electric hearing. J	Acoust	Soc	Am 2005 March;117: 1351-1361.
should bimodal fitting be recommended ?
Beijen.1056-Proefschrift.indd   91 20-07-2009   17:16:52
Beijen.1056-Proefschrift.indd   92 20-07-2009   17:16:52
Chapter 6
Sound localization and binaural hearing in children 
with a hearing aid and a cochlear implant
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Abstract
The aims of the study were to investigate whether sound localization acuity improved 
when children with one cochlear implant use a hearing aid in the contralateral ear 
(bimodal fitting) and whether this enabled them to benefit from a binaural masking 
level difference. Four different noise bursts were used as stimuli for a minimal 
audible angle localization test. On average, localization acuity remained poor with 
cochlear implant alone but also with bimodal fitting. A significant benefit of bimodal 
fitting was only shown when the most complicated stimulus with roved amplitude 
and spectrum was presented (Minimal Audible Angle of 151° with bimodal fitting vs. 
175° with cochlear implant alone). No significant binaural masking level difference 
was found between the cochlear implant alone and the bimodal condition. 
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Introduction
Cochlear implantation is an established means of achieving hearing rehabilitation 
in people with profound hearing loss. In many countries, it is still common practice 
to implant unilaterally, but if the person is deaf, unilateral electrical stimulation 
will not provide the bilateral cues that normally assist sound localization and 
speech understanding in noise. The addition of a second cochlear implant would 
be an obvious choice to enable bilateral input. A recent review-study has shown 
that bilateral implantation improved sound localization in the horizontal plane 
and speech understanding in noise1. Important cues in azimuth localization are 
monaural intensity and spectral changes caused by the “head shadow effect”. Sounds 
received by the ear furthest away from the source are attenuated by the head. High-
frequency sounds are attenuated the most thus affecting not only the loudness, but 
also the spectrum of a sound. In a predictable setting (constant conditions), monaural 
cues of intensity and spectrum provide information that may even help listeners 
with monaural hearing to achieve azimuth location of the sound source2. It has been 
suggested that listeners fitted bimodally cannot make effective use of interaural time 
differences because of the different time delays in signal processing by a hearing aid 
and a cochlear implant3. This implies that the sound localization ability of subjects 
fitted bimodally mainly depends on intensity and/or spectral cues. 
A potential benefit of bilateral implantation that depends exclusively on binaural 
processing is “squelch”. Binaural squelch refers to the phenomenon that a sound 
is more easily discriminated from noise when the signal has a different phase in 
each ear while the noise is identical as it reaches the two ears4. The improvement 
in detection threshold due to the binaural squelch effect is known as the binaural 
masking level difference (BMLD).
Although adding a second implant was found to improve hearing performance in 
many users, bilateral implantation is not the norm1. The main reason for this is a 
concern about cost-effectiveness 5. “Bimodal fitting” with a conventional acoustic 
hearing aid in the non-implanted ear is a far less costly means to provide bilateral 
input, provided that some residual hearing is present in that ear. A characteristic of 
bimodal fitting is the dissimilarity in quality of the input to each ear. Nevertheless, it 
has been shown that even when the hearing aid alone provides minimal information, 
it may yield considerable benefit when used in combination with a cochlear implant 
in the contralateral ear6. Studies on adults and children showed that azimuth 
localization could be improved by bimodal fitting6-8. Another effect of bimodal 
fitting found in some, but not all studies is that the perception of speech in noise 
may improve due to the effect of binaural squelch3, 9, 10. Thus, it appears that effective 
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use of bilateral input is possible to some extent when auditory stimulation is electric 
in one ear and acoustic in the other.
Young children are arguably the first target population for bilateral implantation, 
because auditory deprivation may be particularly deleterious for these patients11. 
As an alternative means to achieve benefit from bilateral input, thorough evaluation 
of bimodal fitting is recommended, especially in view of the ease and reversibility of 
its application. Litovsky et al. did not find a significant advantage of bilateral input 
for sound localization in a group of 8 children who had an average minimal audible 
angle (MAA) of 55° in the bimodal condition and 75° with a cochlear implant alone8. 
They pointed out that bilateral advantages were generally greater in the children with 
bilateral implantation (average MMA of 40°) than in those with bimodal fitting. The 
potential of bimodal fitting was further investigated by Ching et al. They reported 
significant bimodal advantages for azimuth localization and speech recognition in 
noise compared to performance with a unilateral cochlear implant alone6.  
In the present study, we tested whether azimuth localization improved due to 
bimodal fitting. In addition, the influence of the availability of different auditory cues 
(amplitude and spectrum) on the localization ability was determined for the bimodal 
and cochlear implant alone condition. Azimuth localization was tested using an 
adaptive task based on left-right discrimination resulting in a MAA. Monaural cues 
were selectively minimized by roving the presentation level and/or spectral content 
of the stimuli. Potential benefit from the bilateral input was further investigated 
by measuring the binaural masking level difference in the detection of a pure tone 
in noise. 
Material and Methods
Subjects 
The patient database of the Nijmegen | St. Michielsgestel cochlear implant program 
yielded 21 children who were eligible for this study, of whom one was excluded (see 
below). Subjects were selected if they had been using their cochlear implant for more 
than one year, wore a hearing aid in the contralateral ear and did not have any mental 
or emotional conditions that prevented participation. No further inclusion criteria 
were applied. Regular everyday use of the cochlear implant and a digital hearing aid 
of the latest generation was confirmed by the children in an interview. All children 
had been wearing a conventional hearing aid before receiving a cochlear implant. 
Mean age of the children was 12 years. One young adult (aged 19 years) was also 
included in the study. All subjects were diagnosed with a profound hearing loss at an 
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early age (mean 10 months). The causes of hearing loss varied; see table 1 for details 
about subjects’ characteristics.
To ensure that the hearing aids of the participating children were well fitted, gain 
was compared to the target gain calculated with the NAL-NL1 rule (National Acoustic 
Laboratories)12. Gains (average over 500, 1000 and 2000 Hz) were within 5 dB of the 
sound localization in children with bimodal fitting
Table 1	 	Demographic	details	and	pre-	and	postoperative	detection	
thresholds
Number of subjects
Male / female                                         
Cause of deafness                 
 
Age at time of testing
Age at diagnosis of profound hearing loss                     
Age at implantation               
Duration between onset of profound hearing loss
and cochlear implantation  
Experience with cochlear implant at time of 
testing = bimodal experience  
Experience with hearing aid at time of testing     
Difference in experienced loudness of a 65 dB 
broadband tone  between hearing aid ear and 
implanted ear (6 point scale)
PTA implanted ear before implantation  (dB HL)
Free field PTA implanted ear with cochlear 
implant  (dB A)
Free field PTA non-implanted ear  (dB HL)
Free field PTA non-implanted ear with hearing aid  
(dB A)
 20
 6 / 14
hereditary/congenital: 2
unknown/congenital: 7
unknown/not congenital: 9 
meningitis:  2   
Mean Range
11;10             6;2 – 19;1
0;10 0;0 – 4;1
8;3 1;6 – 15;6
7;4 0;4 – 15;7
3;6 0;11 – 8;8
9;6 3;8 – 18;0
0.7 0-1.7
106 87 – 120
34 17 – 50
99 80 - 112
51 32 – 72
Duration	in	time	is	given	in	years;months
PTA	=	Pure	Tone	Average	(500,	1000	and	2000	Hz)	
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target, except in one child who was subsequently excluded from the study (which 
left a total of 20 children). To assess whether the cochlear implant and hearing aid 
were well-balanced in loudness, running speech was presented at 65 dB SPL and the 
subjects were asked to score the loudness on a 6-point scale while listening with the 
cochlear implant alone and with the hearing aid alone. There was a mean absolute 
difference of 0.8 point (SD: 0.7) on the 6-point scale. The lack of any major imbalance 
between the perceived loudness level in the implanted ear and the hearing aid ear, 
and the preference of the subjects to use their normal daily settings, led to the 
decision not to adjust the volume control of either device in any of the subjects.
Methods
To determine the sound localization ability of the subjects, a minimal audible angle 
(MAA) test was used to measure the smallest angle at which two different azimuth 
positions of a stimulus could be discriminated (left-right discrimination). The 
amplitude and/or spectral shape of the stimuli were roved in separate conditions to 
test the contribution on localization acuity of these monaural cues that are commonly 
affected by the head shadow effect. The test was developed using the E-prime version 
1.1 software (Psychology Software Tools Inc.). The tests were conducted in a sound-
treated booth (3,3 m x 4,0m). At the start of the test, two loudspeakers were placed 
at 90 and -90 degrees on an arc with a radius of 1 metre. The participant was placed 
at the centre. Stimuli were presented at random either from the left or the right 
loudspeaker. After the presentation of a stimulus, the participant had to indicate 
whether the stimulus had originated from the left or right loudspeaker by pushing 
the corresponding button. Correct localization of the stimulus 4 times in succession 
led to stepwise relocation of both loudspeakers closer to the midline, but immediately 
following an error the loudspeakers were moved further apart (maximum -90/90 
degrees azimuth). The number of four correct answers was chosen in order to deal 
with chance behaviour because this resulted in a false-positive rate per step that 
was deemed to be acceptably low (1/16 or 6.25%). When the direction of relocating 
the loudspeakers changed, this was noted as a reversal. To increase efficiency, the 
first relocation step after a reversal was larger (2x30°) than the second (2x15°) and 
following (2x5°) steps in the same direction. The test ended after 8 reversals and the 
MAA was defined as the average of the angles at the 4 final reversals. By running 
the localization test 50 times and scoring in a random order, it was concluded that 
the chance level for this procedure was a MAA of 180°. In an unpublished study, 
14 children with normal hearing in the same age group as the participants in the 
current study obtained an average MAA of 10°. 
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All the stimulus types were derived from 500 ms stationary white noise (150 ms onset 
and offset ramps), band-pass filtered between 300 and 7000 Hz. The test was carried 
out with 4 different stimulus types: 1) constant amplitude and constant spectrum 
“AnrSnr”, 2) roving amplitude and constant spectrum: “ArSnr”, 3) roving spectrum 
and constant amplitude: “AnrSr“ and 4) eliminating both amplitude and spectrum 
as monaural cues to localization by roving amplitude and spectrum: “ArSr”. The 
“AnrSnr” stimulus was presented at 68 dB SPL. Amplitude roving (Ar) was introduced 
by randomly alternating the intensity in 4 steps of 4 dB between 52 and 68 dB SPL. In 
the stimulus types with spectral roving (Sr), the spectrum was varied by randomly 
choosing one stimulus out of a set of 4 versions of the basic stimulus, each differing 
in the number of spectral peaks and valleys per octave in the amplitude spectrum, 
so-called ‘spectral ripples’. Four spectral densities were used: 0.20, 0.23, 0.50 and 0.68 
ripples per octave. These densities were identified as being clearly distinct from one 
another in a preliminary study on persons with normal hearing. By exchanging 
peaks and valleys, another four versions of these stimuli were created, adding up to 
8 different stimuli for the Sr conditions. Further details about these stimuli can be 
found in a recent study by Berestein et al., in which it was shown that adult cochlear 
implant users were able to discriminate between these stimuli13. Table 2 gives an 
overview of the 4 conditions used in the present study.
sound localization in children with bimodal fitting
Table 2	 	Characteristics	of	the	4	different	stimuli	used	in	the	sound	
localization	test
Abbreviation Type of Stimulus Amplitude  (dB SPL) Spectrum
used   (ripples/octave)
AnrSnr Amplitude (no roving), 68  0.68 
 Spectrum (no roving)   
ArSnr Amplitude ( roving), 52, 56, 60, 64 or 68  0.68
 Spectrum (no roving)   
AnrSr Amplitude (no roving), 68  0.20, 0.23, 0.50 or 0.68
  Spectrum (roving) 
ArSr Amplitude (roving), 52, 56, 60, 64 or 68 0.20, 0.23, 0.50 or 0.68
 Spectrum ( roving)
All	stimuli	were	derived	from	broadband	white	noise	band-pass	filtered	between	
300	and	7000	Hz
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The localization test was carried out with bimodal stimulation and with the cochlear 
implant alone in a random order. In each mode of stimulation, the 4 stimulus types 
described above were tested; stimulus type AnrSnr was always tested first, stimulus 
types ArSnr and AnrSr were alternately tested second or third, followed by the most 
difficult stimulus type, ArSr. This partly fixed presentation order was judged to 
protect against an inflated view of a possible benefit of a single monaural cue, while 
providing the children with an easy introduction to the task. Before the Localization 
test started, a short practice run was carried out to familiarize the participants with 
the procedure.
To test the BMLD (squelch), the detection threshold was measured with a pulsating 
850 Hz pure tone (1 second on, 1 second off) that was presented to the participant in 
the free field on the side of the cochlear implant (90° from the midline), with and 
without a hearing aid in the contralateral ear14. A phase difference of about 180o 
for the pure tone was introduced between ears due to the extra distance before the 
stimulus reached the opposite ear. As masker, a continuous 1/3 octave narrow band 
noise was used with a centre frequency of 850 Hz presented at 65 dB SPL from a second 
loudspeaker in front of the participant. This set-up delivered the same masking 
signal, in phase, to each ear (S90N0). The intensity of the tone at the beginning of the 
test was 65 dB SPL. The threshold was determined by first lowering the intensity of 
the pulsating tone in steps of 2 dB until the participant could no longer hear the tone. 
Secondly, the tone was presented at an intensity at least 10 dB below this measured 
threshold and then increased in steps of 2 dB until the participant indicated that 
he/she could hear the tone again. The average of these two measurements defined 
the threshold. After a practice run had been carried out to ensure that the subjects 
understood the test, the previously mentioned procedure was repeated 5 times. 
The binaural masking level difference (BMLD) of each participant was calculated by 
subtracting the mean threshold obtained in the cochlear implant alone condition 
from that obtained in the bimodal condition.
During all the measurements in the cochlear implant alone condition, the hearing 
aid in the contralateral ear was switched off and the earmold served to occlude 
that ear.
In the MAA localization test, the effect of the type of stimulus and type of fitting 
(bimodal or cochlear implant alone) was analysed using Friedman’s non-parametric 
ANOVA to compare ranked data. Post hoc analysis was performed using Wilcoxon 
signed rank tests. To test whether scores differed from chance level, the Sign test was 
used. Level of significance was set at a p-value smaller than 0.05.
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Results
The MMA test provided the opportunity to estimate the contribution of monaural 
spectral and intensity cues to azimuth localization. Figure 1 shows the individual 
and average MAA in the different conditions. The average MAA across subjects was 
significantly better (p<0.05) than chance (180o) in response to all four stimulus 
types in the bimodal condition as well as to stimuli AnrSnr and ArSnr in the cochlear 
sound localization in children with bimodal fitting
Figure 1	 Individual	scores	(small	dots)	on	the	Minimal	Audible	Angle	test
	 in	degrees	for	20	children	using	noise	stimuli	with	(r)	or	
	 without	(nr)	roving	amplitude	(A)	and	spectral	content	(S).	
	 The	significant	differences	between	stimuli	(BIM	AnrSnr	
	 vs.	AnrSnr)	and	conditions	(CI	ArSr	vs.	BIM	ArSr)	are	pointed	
	 out	below.	Chance	level	is	180°
Beijen.1056-Proefschrift.indd   101 20-07-2009   17:16:54
102
chapter 6 sound localization in children with bimodal fitting
Ta
b
le
 3
	
	M
in
im
al
	A
u
d
ib
le
	A
n
g
le
	t
es
t
T
yp
e 
of
 S
ti
m
u
lu
s
C
on
st
an
t 
am
p
li
tu
d
e,
C
on
st
an
t 
sp
ec
tr
u
m
 
(A
n
rS
n
r)
  
R
ov
in
g 
am
p
li
tu
d
e,
C
on
st
an
t 
sp
ec
tr
u
m
 
(A
rS
n
r)
  
C
on
st
an
t 
am
p
li
tu
d
e,
R
ov
in
g 
sp
ec
tr
u
m
(A
n
rS
r)
  
R
ov
in
g 
am
p
li
tu
d
e,
R
ov
in
g 
sp
ec
tr
u
m
 
(A
rS
r)
  
 
C
on
d
it
io
n
C
oc
h
le
ar
 i
m
pl
an
t 
al
on
e
Bi
m
od
al
 f
it
ti
n
g
C
oc
h
le
ar
 i
m
pl
an
t 
al
on
e
Bi
m
od
al
 f
it
ti
n
g
C
oc
h
le
ar
 i
m
pl
an
t 
al
on
e
Bi
m
od
al
 f
it
ti
n
g
C
oc
h
le
ar
 i
m
pl
an
t 
al
on
e
Bi
m
od
al
 f
it
ti
n
g
M
in
im
al
 A
u
d
ib
le
 A
n
gl
e
(d
eg
re
es
°)
  
M
ea
n
 
R
an
ge
 
15
6 
42
-1
80
13
8 
38
-1
80
17
3 
14
0
-1
80
14
7 
44
-1
80
17
6 
13
2
-1
80
16
6 
78
-1
80
17
5 
12
4
-1
80
15
1 
36
-1
80
 
C
o
ch
le
ar
 i
m
p
la
n
t 
vs
. 
b
im
o
d
al
 c
on
d
it
io
n
Si
gn
if
ic
an
ce
 t
es
t 
p
er
 s
ti
m
u
lu
s
p
 =
 0
.2
6
p
 =
 0
.0
9
p
 =
 0
.1
1
p
 =
 0
.0
2 
Beijen.1056-Proefschrift.indd   102 20-07-2009   17:16:54
103
implant alone condition. However, even in the simplest condition (AnrSnr), the MAA 
scores were poor for the majority of subjects. The average MAA with the cochlear 
implant alone in response to stimulus types with roving spectrum (AnrSr and ArSr) 
did not differ significantly from chance level. Table 3 and figure 1 show that the 
average bimodal MAA was consistently smaller than the MAA with the cochlear 
implant alone, but this improvement was only significant in the case of the stimulus 
in which the monaural amplitude and spectral cues were both removed (ArSr CI vs. 
Bimodal, p<0.05, 24° difference). 
Comparison of the effect of stimulus type per mode of fitting (cochlear implant alone 
or bimodal stimulation) showed that providing monaural amplitude and/or spectral 
cues by refraining from roving (AnrSnr) did not significantly better performance 
compared to the conditions with roving (Ar and Sr). A notable exception was the 
significantly poorer MAA in the bimodal condition in response to stimulus AnrSr 
compared to the simplest stimulus AnrSnr (p<0.05, 28° difference).  Four individuals 
were identified as scoring above average in the MAA test for all 4 stimulus types. It 
was analysed whether this performance was related to: the aided and unaided free 
field pure tone average (500, 1000 and 2000 Hz) for hearing aid ear or implanted ear, 
age, experience with hearing aid or cochlear implant and if the scores in the cochlear 
implant alone and in the bimodal condition were related. However, no common 
predictive parameter for their superior performance could be identified.
sound localization in children with bimodal fitting
Table 4	 Binaural	Masking	Level	Difference	
 Mean Range      
Average detection threshold with bimodal fitting  56.6 46.3 / 66.0
on the BMLD test                 
Average detection threshold with cochlear implant  56.8 47.1 / 64.4
alone on the BMLD test 
Binaural Masking Level Difference 0.2 -4.1 / + 6.4
Significance test 
Cochlear implant vs. bimodal condition p = 0.81
Values	in	dB	SPL
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The BMLD test did not show any significant superiority of binaural hearing via 
bimodal fitting over the cochlear implant alone condition. With the cochlear implant 
the average detection threshold alone was 56.8 dB SPL compared to 56.6 dB SPL (see 
table 4) in the bimodal condition. The resulting average binaural masking level 
difference of 0.2 dB was not significant (p=0.81). The individual scores obtained on 
the BMLD test in either condition did not differ significantly from the group mean, 
with the critical difference defined as: (standard deviation x 2.12) /√2. 
No significant correlation was found between the outcome on group level of the MAA 
and the BMLD scores and between each of these and variables such as age, duration 
of deafness, aided and unaided free field pure tone average (500, 1000 and 2000 Hz) 
for hearing aid ear or implanted ear. These variables were therefore omitted from the 
further analysis.
Discussion
The first aim of the present study was to assess azimuth localization with cochlear 
implant and a hearing aid in the other ear, and specifically to identify monaural cues 
to localization with bimodal fitting and with cochlear implant alone. A minority of 
children showed a level of localization that may be useful for left- right discrimination 
in everyday life.  However, average performance remained poor and was at chance 
level for many subjects, even with bimodal stimulation and in response to the 
stimulus that provided optimal (predictable) monaural amplitude and spectral cues 
(AnrSnr). To illustrate the level of performance it is noteworthy that in a preceding 
unpublished study 14 children with normal hearing in the same age group obtained 
nearly perfect scores (10o).
The difference in localization performance between the bimodal condition and the 
cochlear implant alone condition was greatest when a stimulus was used of which 
the amplitude cue was lost due to roving (ArSnr and ArSr), but the benefit of bimodal 
fitting was only significant when the most complicated stimulus ArSr was presented. 
Just like stimulus ArSr, , most sounds in everyday life will not have a constant 
amplitude or spectrum. From that perspective it is promising that the most realistic 
stimulus used in the minimal audible angle test (ArSr) yielded the greatest bimodal 
benefit.  
When stimulus AnrSr was presented localization acuity deteriorated in the 
bimodal condition, which cannot be explained satisfactorily, because localization 
acuity was largely restored when the final stimulus (ArSr) with amplitude roving 
as well as spectral roving was tested (table 3, figure 1). This would argue against 
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disproportionate dependence on the monaural spectral cue. In our set-up, ArSr was 
always the last stimulus to be tested, which may have introduced a learning effect 
that boosted performance. However, when the other stimuli (AnrSnr and ArSnr) are 
considered as well, it is not so much the relatively good performance with the ArSr 
stimulus that is striking, but the poor performance with the AnrSr stimulus. 
The MAA test has been used before by Litovsky et al. in a study on 8 bimodally 
fitted children8. These authors found an average minimal audible angle between 
loudspeakers of 75° in the cochlear implant alone setting compared to 55° in the 
bimodal condition, which in their study was not a significant difference (Litovsky 
reported the MAA as the angle of each speaker from the midline, instead of between 
loudspeakers; to facilitate comparison we doubled their values). The much poorer 
MAA found in the present study may reflect a more lenient method of determining 
the MAA by Litovsky et al., but because no chance levels were mentioned in that 
study, the impact of the scoring method remains speculative. Furthermore, there 
were some differences in the type of stimulus used. Litovsky et al. used spondaic 
words presented with only +/- 4 dB of amplitude roving and a constant spectrum. It 
is possible that spondaic words conveyed more information to the listener than the 
short noise bursts used in the present study. The fact that they only applied amplitude 
roving to each stimulus means that their test results are most easily compared with 
our stimulus ArSnr. In the present study, analysis of the responses to stimulus ArSnr 
did not reveal any significant difference, which confirmed the lack of significant 
bimodal benefit reported in the MAA study of Litovsky et al.  
The bimodal advantage in localization acuity due to bimodal fitting, as observed 
in the present study for the most complicated stimulus ArSr , is in line with earlier 
results reported by Ching et al. who used the localization error as outcome measure 
and concluded that a significant improvement was obtainable due to a hearing aid 
worn contralaterally6.
Although the stimuli used in the present study enabled the analysis of different cues, 
in general the localization ability remained poor. Using the same MAA protocol, but 
with different less abstract cues such as words or everyday sounds, may be easier for 
the children and may provide a starker contrast of the difference in performance 
between the bimodal condition and with cochlear implant alone. However, with such 
a set-up, information on the importance of a specific cue will be lost.
On average the scores on the MAA test were best in response to the constant 
stimulus AnrSnr, either with or without contralateral hearing aid. Owing to the wide 
distribution in individual scores, a separate analysis was performed afterwards on the 
subjects who scored above average in the bimodal condition with all the stimuli, in an 
attempt to identify a predicting factor related to their performance. As mentioned in 
sound localization in children with bimodal fitting
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the results section, no variables could be pinpointed that were related to the bimodal 
performance. Neither were the good performers in the bimodal setting better than 
average in the cochlear implant alone condition. Thus, in the absence of predictive 
factors the clinician is dependent on trial and feedback to recognize those who will 
benefit from bimodal fitting15.
The BMLD test was an ambitious test based on the knowledge that even in children 
with normal hearing the size of the binaural masking level difference for speech is 
only about 5 dB16. A significant BMLD would be an indication that bimodal fitting can 
provide access to interaural phase differences. With the set-up in the present study, 
bimodal fitting did not lead to a significant BMLD, although the 1 dB difference was 
in line with earlier research9. Electric hearing in one ear and acoustic hearing in the 
other might offer an explanation for the lack of a binaural masking level difference. 
It is unlikely that with such qualitatively different processing of the auditory input 
the two ears perceived similar noise patterns required to optimize the effect of 
binaural squelch, even with the noise presented at 0o. It is also doubtful whether the 
phase shift between ears is actually recognised as such when one ear was processing 
the sound via a hearing aid, while the other was processing the sound via a cochlear 
implant, each with its own processing time. Direct input of a sound stimulus might 
assist in better timing the input in each ear. Theoretically, direct input to the 
cochlear implant is possible and can provide a better control of how the stimulus 
is presented. For a hearing aid the control over how the input is provided might be 
improved by using a headphone enclosing the hearing aid. Although such measures 
would improve the control of the timing of the auditory input to the device compared 
to the presentation of a stimulus in the free field as was done in the present study, 
there will still be a difference between how each device (cochlear implant or hearing 
aid) processes a sound stimulus and the time this takes.  
For the BMLD test, but also for the MAA test, it should be noted that the tests were 
conducted in a sound treated booth which is not equivalent to an anechoic chamber. 
Because of this, one cannot exclude that the precedence effect may have affected the 
way the stimuli were perceived.
In conclusion, the participants in this study only showed a bimodal benefit when a 
stimulus was used that combined roving amplitude and roving spectrum. The BMLD 
test did not reveal beneficial binaural interaction through bimodal fitting.
Future studies might benefit from a multicentre approach with the same test protocol, 
because with the present study as well as with most of the studies cited only small 
groups of children are available for testing per centre which limits the possibility of 
drawing definite conclusions. 
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Chapter 7
Perception of prosody in children fitted bimodally 
with a cochlear implant and a hearing aid
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Abstract
Cochlear implants are largely unable to encode voice pitch information, which 
hampers the perception of some prosodic cues, such as intonation. This study 
investigated whether combining electrical and acoustic information improved the 
perception of prosody in children with a cochlear implant on one side and a hearing 
aid on the other (“bimodal fitting”). Fourteen children with normal hearing and 19 
children fitted bimodally participated in two experiments. The first experiment 
assessed the just detectable difference in F0, using a bisyllabic utterance with an 
artificially manipulated pitch accent. The second experiment assessed the children’s 
ability to distinguish between questions and affirmations in Dutch words, using 
artificial manipulation of F0. In each experiment, performance of the implanted 
children was significantly better when the hearing aid was added. However, even 
with a hearing aid, the implanted group needed more exaggerated F0 excursions 
to perceive a pitch accent and to identify a question, compared to the subjects with 
normal hearing. Nevertheless, the results of this study showed that bimodal fitting 
improved the perception of prosody. 
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Introduction
Advances in implant technology and speech processing have significantly improved 
the performance of cochlear implants (CIs), although they are still largely unable 
to encode voice pitch information. Current CI systems provide temporal envelope 
information, but discard much of the temporal fine structure and periodicity cues 
required to perceive the fundamental frequency (F0)1. On the basis of experiments 
carried out on subjects using Continuous Interleaved Sampling (CIS) CI systems, Green 
et al. found that the temporal envelope provided cues to perceive the fundamental 
frequency, but only at low F0s2. They also showed that spectral cues were hardly of 
any use, because the spectral resolution of the CI systems was fairly small2-4. These 
systems cannot resolve even the first harmonics of F0.
Sound processing strategies used by CIs convey only limited pitch information as 
they encode spectro-temporal cues by means of a fixed-rate pulse train stimulus 
that is amplitude-modulated by low-pass filtered envelope signals extracted from a 
filterbank. The number of channels in the filterbank is small compared to estimates 
of the number of independent channels in the normal auditory system and such 
number is further limited to about eight across the speech frequency range due to 
excessive intracochlear current spread5,6. Thus the cochlear implants used to date 
appear to deliver insufficient information for the detection of pitch5,7. To increase 
the proportion of low-frequency cues to perceive F0 in implanted subjects, previous 
studies suggested that it may be beneficial to fit a conventional hearing aid on the 
contralateral side when the patient has sufficient residual hearing to benefit from 
acoustic amplification8-12. 
Voice pitch information makes an important contribution to understanding speech. 
Previous studies demonstrated that voice pitch cues help to segregate speech in 
noise and are the main component of the perception of intonation13. The perception 
of pitch movements in non-tonal languages, such as English, Dutch and German, 
enables a listener to follow the ‘discourse’ in terms of focus (‘what is important’) and 
to make distinctions between questions and affirmations. It also functions to identify 
speaker gender and speaker identity. These functions were found to be limited in 
implanted subjects14-16. In tonal languages, such as Mandarin and Cantonese, lexical 
distinctions are made on the basis of pitch patterns. Therefore it is necessary to 
identify these patterns to understand the meaning of a word. CI recipients were less 
able to accurately identify the lexical tones and consequently lexical meaning, again 
due to their poor ability to extract voice pitch information7,17,18.
 A great deal of research has recently been dedicated to the improvement of pitch 
processing in CIs. For example, a new filter bank was constructed in the speech 
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processor that emphasized the first harmonic by extracting it and assigning it to 
designated channels based on its frequency19. Another strategy enhanced F0 by 
replacing the waveform envelope with a sawtooth-like waveform, that was then 
presented at a designated electrode16,20,21. Laneau et al. created a new sound processing 
scheme that enhanced F0-related modulations on all channels22. These modifications 
had little or no effect on F0 discrimination. 
A completely different approach was to combine electrical and acoustic stimulation 
in one ear, referred to as Electrical Acoustic Stimulation or “EAS”, or to supply 
subjects with a CI in one ear and a hearing aid (HA) in the other ear, as we did in this 
study12, 23. A situation generally referred to as “bimodal fitting” 8-12. Bimodal fitting 
can be applied to implanted subjects if there is sufficient residual low frequency 
hearing in the non-implanted ear to be effectively supported by amplification. It is 
assumed that the auditory system is able to combine the low frequency inputs from 
an acoustically stimulated cochlea on one side with the high frequency information 
from the electrically stimulated auditory nerve on the contralateral side. 
Previous studies have shown that speech recognition in noise improves when a CI is 
combined with a contralateral hearing aid8,9,24. The authors suggested that additional 
F0 information enabled better perceptual segregation of signal from noises.
Kong et al. (2005) investigated the additional effect of bimodal fitting in the 
recognition of English sentences in the presence of a competing talker. They assumed 
that in Implanted subjects, the non-implanted ear would exploit the temporal fine 
structure to enhance voice pitch perception and to facilitate speech recognition in 
noise. Significant bimodal advantage was observed, even when acoustic stimulation 
alone did not lead to any speech recognition at all9.
In a later study, Kong and Carlyon (2007) again used vocoder simulations to obtain 
data on subjects with normal hearing. Evidence was found that in contrast with their 
hypotheses in 2005, the improvement in bimodal speech recognition in noise was 
not necessarily due to enhanced F0 perception. As in the 2005 study, an advantage of 
simulated bimodal hearing in speech in noise was found. However,  after the F0 cue 
had been removed from the low-passed filtered speech, similar improvement was 
found10. This suggests the availability of other cues besides F0, such as voicing cues or 
improved signal-to-noise ratios. 
Luo & Fu (2006) investigated the contribution of low-frequency acoustic information 
to Chinese speech recognition in subjects with normal hearing. A 6-channel sine 
wave CI simulation was presented to one ear, while low-passed filtered speech was 
presented to the other. The speech in noise thresholds improved as the amount of 
acoustic information increased25.
The benefit of bimodal fitting was also found in children. Holt et al shows an 
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improvement in speech perception scores, particularly in background noise26. Lee 
et al also showed significantly improved speech performance in noise in bimodal 
condition compared to CI alone27.
The studies with children mentioned above only focused on speech recognition in 
noise. It is still unknown if the low-frequency acoustic information also significantly 
improves the perception of intonation in children. In the present study, we exclusively 
examined how additional acoustic information affected F0 detection in children. To 
that end two experiments were carried out to assess the effects of bimodal fitting 
on F0 detection in children. Experiment 1 used a two-interval same/different task to 
establish the just detectable pitch movement in a manipulated bisyllabic nonsense 
word task adapted from O’Halpin et al.28. Experiment 2 assessed the children’s ability 
to distinguish between questions and affirmations in simple Dutch utterances, in 
an attempt to include meaningful material in a more or less ecologically valid task. 
Our hypothesis was that in the bimodal condition (CI plus hearing aid, “CI+HA”) the 
children would detect pitch movements in speech more easily than in the CI alone 
condition. For reference purposes, normative data were obtained from a group of 
children with normal hearing. 
Materials and methods
Subjects
Children with normal hearing (NH) and implanted children were recruited for 
the study. All participants (CI-users and NH) were native Dutch speaking children 
except for two implant users who had Dutch as their second language and were 
sufficiently competent in the Dutch language to understand the task. The group 
with normal hearing were living in the region of Nijmegen (South-Eastern part of 
the Netherlands), while the majority of the implanted children were living in other 
parts of the country. There were no large regional variations in linguistic features. 
The two groups were matched with regard to age. Approval for the study protocol was 
received from the Ethical Committee of the Radboud University Nijmegen Medical 
Centre (number 2007/090). Written informed consent was obtained from the subjects 
or from their parents when < 16 years.
Subjects with normal hearing
To obtain reference values and to establish whether children in the age range of 
our test group were able to perform the task, 14 children with normal hearing aged 
between 6.8 and 16.7 years (mean age 10.1 years) were recruited among colleagues and 
friends of the researchers. Normal hearing was defined as the presence of otoacoustic 
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emissions or, in the absence of otoacoustic emissions, as pure-tone air conduction 
thresholds of < 15 dB HL at octave frequencies from 125 to 8000 Hz. 
Subjects using a cochlear implant and a hearing aid
The experimental group comprised 19 implanted children whose age at implantation 
was below 16 years and tested at the age ranged from 6.0 to 19.8 years (mean 12.1 
years). All children had been using their implant for more than one year. Experience 
with bimodal fitting varied from 1.0 to 8.7 years. Demographic data on each subject 
and details about the implant and hearing aid use are shown in Table I and Table II. 
A hearing aid had been fitted to the non-implanted ear of each child. The free-field 
unaided and aided hearing thresholds in the implanted and the non-implanted ear 
are also shown in Table I and II. Fitting of both CI and HA were evaluated by the same 
audiologist.  The mean speech perception scores of the group were obtained by using 
an open-set monosyllable speech recognition test according to the ‘Dutch Society of 
Audiology’, called the NVA test29. The mean phoneme score of the group was 69% (SD 
23) in CI-only condition (equivalent to a mean word score with CI-only of 47%), 24% 
(SD 25) with HA-only (equivalent to a mean word score with HA-only of 10%) and 75% 
(SD 19) in CI+HA condition (equivalent to a mean word score with CI+HA of 56%).  
General procedure of Experiments 1 and 2
All subjects were tested in a sound-treated double-walled room. At the beginning of 
each experiment, the task was explained and examples of the stimuli were presented. 
Stimuli were delivered via a loudspeaker, placed one metre in front of the subject. 
The average level of the loudest part of all stimuli was 68 dB SPL, which was checked 
by looping the stationary part of the stimulus with the highest RMS level, which was 
the vowel receiving sentence or word stress. Calibration was done using a Bruel & 
Kjaer Investigator 2260 at the level of the subject’s ear. All the children carried out 
experiments 1 and 2; the order was randomized across the subjects. Also the order of 
the test-condition (CI or CI+HA) was randomized in each experiment.
Experiment 1: Just noticeable difference of fundamental frequency (F0) of the non-
word “baba” 
Speech materials
The stimuli consisted of the bisyllabic nonsense-word “baba” ([`baùbaù]), created 
according to the description given by O’Halpin et al.28. Recordings of the stimuli 
were made in a sound-treated room, while two native speakers of Dutch (a man aged 
26 years and a woman aged 25 years) realized the word with monotonic intonation. 
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Then the two most monotonic recordings (one from the man and one from the 
woman) were selected from two series of 15 recordings. This selection was first based 
on subjective judgement on the achieved degree of monotony, but was also based on 
the measurement of the length of each syllable, i.e. the recording with the smallest 
difference in length between the first and second syllable was chosen. The recordings 
were digitized at a sampling frequency of 44 kHz (16 bit resolution). Pitch contours of 
these bisyllabic words were manipulated using the Pitch Synchronous Overlap and Add 
(PSOLA) technique implemented in the speech processing programme PRAAT30. PSOLA 
is known to result in high quality manipulated speech signals31. The onset F0 values 
of the first syllable spoken by the man and the woman were set at 100 Hz and 200 Hz 
respectively. To replicate the F0 declination in natural speech, a linear F0 fall of 2.8 
semitones was added to the second syllable, according to the rules incorporated into a 
Text-To-Speech-system for Dutch that are based on typical Dutch pitch movements32-35. 
The first syllable was manipulated to create a pitch accent, while the second syllable 
was not manipulated. The pitch accent on the first syllable was realized by creating 
a peak in the pitch contour at the mid-point (known as H* in the “autosegmental 
description of intonation”)32. From the F0 at onset (“L”), the pitch contour rose linearly 
to the midpoint “H*”, followed by a linear fall to the end of the first syllable (“L”). The 
difference between F0 at onset (unstressed first syllable) and the peak F0 at H* ranged 
from 0.85 to 22.1 semitones (almost two octaves), with a step size of 0.85 semitones 
(Figure 1). The duration of the first syllable spoken by the man and the woman was 
approximately 200 ms. To create the pitch accent the first 200 ms of the stimuli were 
manipulated. Total durations of the male utterance and the female utterance were 
540 ms and 590 ms, respectively. Introducing pitch movements may have altered the 
loudness of the stimuli and thus introduced a spurious cue into the discrimination 
task. To prevent such a cue, the peak amplitude of each manipulated utterance was 
scaled to the same value (95% of the maximum amplitude of the sound buffer of the 
computer system). 
Procedure
An adaptive two-alternative forced-choice same/different task was used. In each trial 
two “baba” non-words were presented, separated by a silent interval of 500 ms. In 
half of the trials, only one of the words (randomly chosen) contained an accent, while 
in the other half of the trials neither of the words had an accent. Each test was run 
twice, once with the male version and once with the female version, in a random 
order across the subjects. Subjects were asked to press the left or right arrow button 
on the keyboard that had been labelled with the word “same” and a drawing of two 
identical elephants (left) or “different” and a drawing of two dissimilar elephants 
perception of prosody in children fitted bimodally
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(right). Visual feedback was provided. At the beginning of each test, a practice run of 16 
trials was presented. All the implanted children used their cochlear implant and their 
hearing aid during the practice runs, both at the normal setting for everyday use.
Thresholds were obtained using a 2-down 1-up staircase procedure36. After each 
incorrect response, the height of the peak of the accented stimulus was increased by 
one step. After two correct responses, the height of the peak of the accented syllable 
was decreased by one step. A test run proceeded until 1) ten reversals were obtained, 
or 2) eight successive incorrect responses at the maximum stimulus difference, or 
3) eight successive correct responses at the minimum stimulus difference. The F0 
threshold was estimated from the mean of the F0 differences of the final six reversals.
Experiment 2:  Discrimination between questions and affirmations
Stimuli were six isolated bi- or three-syllabic words (all names of fruit) spoken with 
an affirmative intonation by a native speaker of Dutch (a man aged 57 years with 
an average F0 of 130 Hz). Interrogative versions of these words were created solely 
by placing F0 patterns typical of questions in Dutch (and ‘exaggerated’ versions of 
them) on the last syllable of the utterance. None of the other markers of questions vs. 
affirmations were changed, such as duration, spectral pattern, overall F0 level, etc.. 
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Figure 1	 Examples	of	manipulated	F0	contours	of	the	‘baba’-bisyllables,	
	 recorded	from	native	Dutch	speaker	(male)
The	black	bold	line	represents	the	unstressed	or	base	stimuli.	The	gray	lines	represent	
the	different	contours	of	the	peak	of	the	accented	stimuli
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Speech materials
To create the stimuli three words were selected that carried stress on the first 
syllable: “aardbei” ([ a`rtbει]: strawberry), “paprika” ([`pAprika ]: pepper) and 
“mango” ([`mANGo ]: mango) and three words that carried stress on the final 
syllable: “citroen” ([si`trun]: lemon), “banaan” ([bA` nan]: banana) and “meloen” 
([m e`lun]: melon). To change these affirmations into questions, the pitch contours 
were manipulated. The PSOLA technique (44 kHz sampling frequency) implemented 
in the PRAAT programme mentioned above, was used to perform the manipulations. 
Prior to creating F0 variants, all the original affirmations were provided with the 
falling pitch contour of 6 semitones that is typical of Dutch utterances.  While creating 
the questions, it was found that the naturalness of the words was best preserved 
when only the last part of the F0 contour was manipulated. An F0 contour with a 
linear fall was used to produce the affirmations (“LL% contour”), whereas a rising 
F0 contour was used to create the questions (“LHH% contour”). The rules developed 
in the Text-To-Speech-system for Dutch mentioned above, were adopted. They can be 
summarized as follows: F0 rises and falls have a duration of 100 ms, the final falling 
movement (to “L%”) and rising (peak at “H%”) movement have a duration of 20 ms; the 
starting locations were determined from the end of the words. In conformity with 
the rules of the Text-To-Speech-system, the start of the rises and falls in the words 
ending with an [n] or in those with a low amplitude in the last 120 ms was moved to 
the beginning of the word, as it is known to be more difficult to perceive the LHH% 
pitch rise when the amplitude is low or during a nasal resonance. The total duration 
of the stimuli varied from 440 ms to 580 ms.
Pitch contours of the affirmations were manipulated to obtain four categories of 
questions, viz. Q1, Q2, Q3 and Q4, as a function of the range of the increases in F0 
at the end of the utterances. Figure 2 shows an example of the pitch contours of an 
affirmation and the four questions. Table III shows the increases in F0, expressed as 
semitones and percentages. The step size between the four categories of questions 
was 3 semitones. In Dutch, increases at the end that signal questions range from 6 to 
9 semitones. Thus, the rising contour of Q1 was typical of Dutch questions. The peak 
amplitude of each manipulated utterance was scaled to the same value (95% of the 
maximum amplitude of the sound buffer of the computer system). 
Procedure
The stimuli were presented in blocks of 48: 24 affirmations (six tokens were repeated 
four times) plus 24 questions (six tokens from the Q1, Q2, Q3 and Q4 categories) in a 
random order. All six words were used equally often as an affirmation and a question. 
Each word was also used equally often in each of the categories Q1-Q4.  Each block 
perception of prosody in children fitted bimodally
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Figure 2	 Diagram	of	the	final	fall	(L-L%)	and	rises	(L-H-H%)	of	the	F0	
	 contour	in	the	affirmation	and	in	the	four	question	variants	
	 (Q1,	Q2,	Q3	and	Q4)	of	H-H%		
From	positions	%L	to	L,	the	default	Dutch	F0	pattern	was	used,	ending	at	H%	or	L%,	
with	the	lowest	F0	in	the	affirmative	variant.	F0	at	H%	(male	speaker)	varied	between	
100	Hz	(affirmation)	and	183	Hz	(Q4,	see	Table	III).	The	stimulus	was	the	word	“citroen”	
([si`trun]:	lemon)				
 End-pitch contour  L to H     L to H%    
 
  semitones  %difference  semitones  %difference   
 Q1 6  41%  9  68%
 Q2 9  68%  12  100%
 Q3 12  100%  15  138%
 Q4 15  138%  18  183%
Table III	 Final	rise	of		the	F0	contours	in	the	four	question	categories,	
	 expressed	in	semitones	and	percentage	difference	from	L	
	 (the	start	of	the	rising	contour,	see	FIG.	2)	to	H	and	H%	(the	end	
	 of	the	rising	contour).	In	Dutch,	final	rises	that	signal	questions	
	 range	from	6	to	9	semitones.	Thus,	the	rising	contour	of	Q1	is
	 typical	for	Dutch	questions	
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of 48 stimuli was presented twice. The stimuli were chosen at random without 
replacement. In each trial, the subjects heard a single word and were required to 
identify it as either a “question” or an “affirmation”, by pointing at a drawing of a 
person who was gesturing a question, or a person who was making an affirmative 
gesture. Visual feedback was provided. Each test started with a practice run with 12 
different stimuli. All the implanted children used their cochlear implant and the 
hearing aid during this practice run, both at the normal setting for everyday use.
Results
Experiment 1: Just noticeable difference in fundamental frequency (F0) of the non-
word “baba”
Subjects with normal hearing
Figure 3 shows the results of the subjects with normal hearing. The mean F0 
differences at threshold in response to the male speaker and the female speaker were 
3.3 semitones (21% above baseline) with an SD of 2.7 semitones and 4.3 semitones 
(28% above baseline) with an SD of 4.2 semitones, respectively. A paired-samples t-test 
(SPSS version 13.0) did not show any significant difference in the responses to the 
male and female speakers (t13 =2.7,  p>0.12; η2partial =0.1721; observed power = 0.332). 
The F0 threshold difference, expressed in semitones, was related to the logarithm of 
the age of the listener (F1,13= 11.7; p<0.01, R2=0.493). However, Figure 3 indicates that 
the performance of the vast majority of children older than 10 years was better than 
that of most of the younger children. This suggests that the test may have been too 
difficult for some of the younger children. The average F0 difference at threshold in 
the children aged 10 years and older was 1.5 semitones (SD=0.4).
Subjects using a cochlear implant and a hearing aid
Figure 4 shows the mean F0 difference at threshold in the CI-only and CI+HA 
conditions compared to the group with normal hearing. In response to the male 
speaker, thresholds improved from 9.4 semitones (CI) to 6.9 semitones (CI+HA) on 
average (i.e. a decrease from 72% to 49% F0 difference). In response to the female 
speaker, the improvement was from 11.3 (CI) to 7.5 (CI+HA) semitones (i.e. a decrease 
from 92% to 54%). Figure 5 shows the individual F0 difference thresholds in the CI-
only condition compared to the CI+HA condition. Most data points were on or under 
the diagonal. 
1 Partial η2= SSfactor/(SSfactor + SSerror), with 0 ≤ η2 ≤ 1
perception of prosody in children fitted bimodally
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A repeated measures analysis of variance with two within-subject fixed factors, viz. 
Device (CI and CI+HA) and Speaker (male and female) showed significantly better F0 
discrimination in the CI+HA condition than in the CI condition (F1,18=6.2; p<0.02; 
η2partial =0.26). The effects of Speaker (F1,18=1.4; p>0.24; η2partial =0.07; observed power 
= 0.21) and the interactions between Speaker and Device (F1,18=0.55; p>0.46; η2partial 
=0.03; observed power = 0.11) were not significant. No significant linear correlations 
were found (one-tailed, α=0.05) between the F0 difference thresholds and 1) age, 2) 
logarithmic function of age, 3) the pure tone average (PTA, i.e. mean threshold at 
0.5, 1, 2 and 4 kHz), 4) average aided threshold with the hearing aid, 5) average aided 
threshold with the CI, 6) duration of deafness, 7) duration of CI use, 8) duration of 
hearing aid use, 9) age at implantation or 10) age of deafness. No correlations were 
either found between the aided thresholds at 0.25 kHz and the F0 discrimination. 
Figure 5 shows that in the CI condition, the performance of 42% of the subjects (8 
out of the 19) was at least as good as the average score plus 1 SD in the children with 
normal hearing. In the CI+HA condition, this percentage improved to 74% (14 out of 
19 CI+HA users).  Independent sample t-test showed a significant better performance 
of the NH group compared to the implanted children wearing only their cochlear 
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Figure 3	 Individual	thresholds	of	F0	movements	in	the	14	children	with
	 normal	hearing	as	a	function	of	age	at	testing		
Lower	thresholds	indicate	better	F0	discrimination.	The	horizontal	line	gives	an	
indication	of	the	F0	rise	characteristic	of	the	height	of	accents	in	Dutch.	Data	pooled	
over	the	male	and	female	speakers.	Error	bars	represent	the	measurement	error	
of	the	adaptive	threshold	procedure	(i.e.	the	mean	SD	of	the	final	6	reversals	of	the	
adaptive	procedure)
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implant (t31=3.2; p<0.01; η2partial =0.246). However the scores of the NH group were 
not significantly better than the implanted children wearing their CI+HA (t31 =1.9; 
p>0.05; η2partial =0.101; observed power =0.439).
Experiment 2: Discrimination between questions and affirmations
Subjects with normal hearing 
All subjects with NH participated in two blocks of 48 trials. The mean score was 
81% (SD 15%). Their individual scores are shown in figure 6. A one-tailed Pearson 
correlation test showed a significant correlation between age and score (r14 = 0.58; 
p<0.05). However, it was clear that this correlation was mainly caused by the poor 
scores of the three youngest children (≤8.3 years). Based on the binomial distribution, 
each child’s performance was statistically compared to chance levels; chance: π0= 50%, 
α = 0.05, π1 (criterion) = 64% correct, one-sided. Performance was better than chance in 
11 subjects, but poorer in the three youngest subjects (aged 6, 7 and 8 years).
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Figure 4	 Mean	F0	difference	thresholds	and	95%	confidence	interval	in
	 the	CI	alone	and	the	CI	plus	HA	conditions	compared	to	the	
	 group	with	normal	hearing		
Data	from	the	whole	group	(n=19	in	the	implanted	group	and	n=14	in	the	NH	group)	and	
from	individuals	older	than	10	years	(n=13	in	the	implanted	group	and	n=7	in	the	NH	
group)	are	presented	separately.	Data	pooled	over	the	male	and	female	speakers.	Lower	
thresholds	indicate	better	F0	discrimination.	The	horizontal	line	gives	an	indication	of	
the	F0	rise	characteristic	of	word	accents	in	Dutch.			
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Figure 7 shows the mean scores on the five categories of modified utterances. It was 
clear that the higher the end-pitch rise, the higher the score. As the implanted group 
had missing values in experiment 2, a linear mixed model analysis was carried 
out with two within-subject fixed factors: End-pitch contour (affirmation, Q1, Q2, 
Q3 and Q4) and Block (first and second blocks). The effect of End-pitch contour was 
significant (F4,117=26.2; p<0.001). In contrast, the effects of Block (F1,117=1.8; p = 0.158) 
and the interactions (F4,117=0.39; p>0.81) were not significant. Pairwise comparisons 
of end-pitch contour using Bonferroni adjustment for multiple comparisons showed 
one significant contrast: Q1 yielded significantly fewer correct responses than all the 
other categories (p<0.001 in each case). 
Subjects using a cochlear implant and a hearing aid
An experienced paediatric audiometrist judged that two out of the 19 children (both 
6 years of age) lacked concentration during the practice run. They were therefore 
excluded. Due to lack of time or concentration, nine out of the 17 remaining subjects 
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Figure 5	 Individual	thresholds	of	the	F0	movements	in	the	CI	alone	
	 compared	to	the	CI	plus	HA	conditions	
Lower	thresholds	indicate	better	F0	discrimination.	The	black	diagonal	line	shows	
complete	agreement.	Horizontal	and	vertical	lines	represent	the	mean	thresholds	
(gray	line)	plus	1	SD	(dotted	line)	of	the	group	with	normal	hearing.	Data	points	are	
labelled	with	the	age	(years)	of	the	subject.	Data	pooled	over	the	male	and	female	
speakers
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were unable to participate in the second block of the test. The overall performance of 
the 17 implanted children improved from 56% (CI) to 62% (CI+HA) correct in the first 
presentation and from 62% (CI) to 73% (CI+HA) correct in the 8 out of 17 children in the 
repeated presentation, which suggested a learning effect. In Figure 8, the individual 
scores in the CI condition are compared to the scores in the CI+HA condition. On the 
basis of the binomial distribution, performance was above chance in 5 out of the 17 
subjects (29%) in the CI condition and in 9 out of the 17 subjects (53%) in the CI+HA 
condition (chance: π0= 0.5, α = 0.05, π1= 64% correct, one-sided).
A linear mixed model analysis was carried out with three fixed within-subject 
factors: Device (CI and CI+HA), Block (first and second blocks) and End-pitch contour 
(Affirmation, Q1, Q2, Q3 and Q4). Significantly better scores were found in the CI+HA 
condition (F1,213.33 = 6.5; p<0.02). The effects of End-pitch contour were also significant 
(F4,213.33=12.3; p<0.001). In contrast, the effects of Block and the interactions between 
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Figure 6	 Percentage	correct	scores	on	the	question/affirmation	
	 identification	task	as	a	function	of	age	in	the	14	subjects	
	 with	normal	hearing			
Open	circles	represent	the	first	block	scores,	black	points	represent	the	second	block	
scores.	Individual	scores	are	connected	with	an	arrow.	The	arrow	indicates	the	direction	
of	change	in	performance	between	the	first	and	the	second	block.	Three	subjects	had	
identical	scores	on	the	first	and	second	blocks	(represented	by	black	point	in	open	circle).	
The	horizontal	dotted	line	represents	chance	level,	based	on	binomial	tests.	Higher	scores	
indicate	better	question/affirmation	identification
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Device and Block (F1,213.33=0.313; p>0.57), Device and End-pitch (F4,213.33=0.517; 
p>0.72), Block and End-pitch (F4,213.33=0.838; p>0.50) and the three-way interaction 
between Device, Block and End-pitch (F4,213.33=1.425; p>0.23) were not significant. 
No significant linear correlations were found (one-tailed, α=0.05) between question/
affirmation identification and age. Similarly, no correlations were found between 
performance on the question/affirmation task and 1) aided PTA thresholds with the 
hearing aid or the CI, 2) Duration of deafness, 3) Duration of CI use or hearing aid use, 
4) age at implantation, or 5) age of deafness. Also no correlations were found between 
the aided thresholds at 0.25 kHz and the question/affirmation identification. Pairwise 
comparisons of the end-pitch contour on the basis of Bonferroni adjustment for 
multiple comparisons showed that significantly fewer Q1 utterances were identified 
correctly than Affirmations (t4,213.33=5.8; p<0.001), Q2 (t4,213.33=5.2; p<0.001), Q3 
(t4,213.33=5.5; p<0.001) and Q4 utterances (t4,213.33=5.5; p<0.001). This effect was 
significant in both the CI and CI+HA conditions (Figure 7).
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Figure 7	 Mean	percentages	of	correctly	classified	utterances	and	95%	
	 confidence	interval	of	the	Affirmation	and	the	modified
	 utterances	Question	1,	Question	2,	Question	3	and	Question	4	
	 in	the	CI	alone	condition	(dark	grey	bar)	and	the	CI	plus	
	 HA	condition	(light	grey	bar),	compared	to	group	with	normal		
	 hearing	(white	bar)
Higher	scores	indicate	better	question/affirmation	identification.	For	details	about	the	
stimuli	see	Table	III
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In the CI condition, the performance of 24% of the implanted children (4 out of the 
17) was better than or within the range of the mean score plus 1 SD of the children 
with normal hearing. In the CI+HA condition, this percentage improved to 47% (8 
out of the 17 CI+HA users). Independent sample t-tests showed a significant better 
performance of the NH group compared to the implanted children in the CI only 
(t29=5.4,  p < 0.001; η2partial =0.50) and the CI+HA condition (t29 =3.5,  p < 0.01; η2partial 
=0.29).
Correlation between F0 perception and discrimination of question/affirmation 
A one-tailed Pearson correlation test showed significant correlations between the 
F0 perception and question/affirmation identification in the CI-only condition (r17 
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Figure 8	 Individual	percentage	correct	question/affirmation	
	 identification	scores	in	the	CI	alone	condition	compared	to	
	 the	CI	plus	HA	condition				
Higher	scores	indicate	better	question/affirmation	identification.	The	diagonal	line	
represents	no	effect	of	condition.	Mean	identification	scores	(gray	horizontal/vertical	
lines)	minus	1	SD	(dotted	horizontal/vertical	lines)	in	the	group	with	normal	hearing.	
Gray	points	are	the	scores	of	the	subjects	who	completed	one	block,	black	points	are	the	
scores	of	eight	individuals	who	completed	two	blocks.	All	data	points	are	labelled	with	
the	age	of	the	subject	(years)
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= -0.45; p<0.05) as well as in the CI+HA condition (r17; = -0.44; p< 0.05). A significant 
correlation was also found between the bimodal benefit (i.e. the difference between 
CI score and CI+HA score)  of the F0 perception and bimodal benefit of the question vs 
affirmation identification (r17; = 0.53; p< 0.05). 
Discussion
In the present investigation, bimodal fitting was found to be significantly more 
beneficial than the implant alone in the perception of prosody. Discrimination of F0 
signalling word stress (accents) and the ability to use the F0 cue to identify questions 
vs. affirmations improved significantly, although the performance of the CI+HA 
users only partially matched that of the control subjects with normal hearing. 
Minimal noticeable difference in fundamental frequency 
The first experiment assessed the discrimination of fundamental frequency 
excursions used to signal a pitch accent. The addition of the hearing aid was of 
significant benefit to the implanted children. The just noticeable difference (JND) 
improved from 9.4 (CI) to 6.9 semitones (CI+HA) in the test with the male speaker, 
versus from 11.3 (CI) to 7.5 semitones (CI+HA) in the test with the female speaker. The 
effect of Speaker was not significant, but it was in the same direction as that reported 
by others20,37,38. Thresholds in the children with normal hearing (male speaker: 3.3 
semitones, female speaker: 4.3 semitones) were almost half those in the CI subjects. 
In other words, the overall performance of the implanted children was fairly poor
Several studies on cochlear implant users reported JNDs of F0 that were considerably 
smaller than those found in the present study. However, they had all focused on adult 
subjects and used stimuli that consisted of synthetic vowels, instead of manipulated 
recorded bisyllables14,39-41. Geurts & Wouters (2001) measured JNDs of 0.7 to 2.2 
semitones in four implanted adults in response to an F0 reference stimulus at 150 Hz. 
When they used a higher F0 reference stimulus of 250 Hz, only two out of the four 
subjects were able to hear F0 differences of between 0.8 and 1.3 semitones; the other 
two subjects were unable to detect pitch changes at 250 Hz and higher40. Rogers et al. 
(2006) reported F0 JNDs of approximately 3.2 semitones39. 
The results of our subjects with normal hearing showed that the children younger 
than 10 years were not as good as the children older than 10 years, so it might be that 
the children younger than 10 years could not perform the F0 discrimination task 
reliably. Surprisingly, this was not observed in the implanted group, which may have 
been due to their greater familiarity with auditory testing in general.
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Discrimination between questions and affirmations
In the second experiment, the average results of the implanted children showed 
modest but significant benefit of bimodal fitting to discriminate between questions 
and affirmations. Their percentage correct scores improved significantly from 56% 
(CI) to 62% (CI+HA) in the first presentation and from 62% (CI) to 73% (CI+HA) in a 
repeated presentation. 
Our results differed somewhat from those reported by Green et al. (2005) who showed 
mean percentage correct scores of 69% and 81% in the CI only condition in response 
to a male speaker and a female speaker, respectively. In Green et al.’s experiment, the 
subjects were all adults with postlingual deafness, as opposed to our children with 
prelingual deafness. A second explanation for the difference in results is that the 
slope, duration and frequency range of pitch excursions in British English (as used 
by Green et al.) are more pronounced than those in Dutch16,42. White & Plack found 
that F0 discrimination improved with increasing duration of the rise43. In the study 
by Green et al., the durations of the pitch rises were at least 200 ms versus 120 ms in 
our study. Another important difference is that Green et al. used stimuli (complete 
sentences) that had been spoken as affirmations or questions, whereas the present 
study involved the exclusive manipulation of the last part of F0. Therefore, other cues 
may have been available to their subjects besides F0, such as differences in spectrum, 
intensity and duration16. 
In the current study, question/affirmation identification was assessed using five 
different utterances, viz. one affirmation and four different question categories 
(Q1, Q2, Q3, Q4). The increasing final rise in pitch across the question categories Q1-
Q4 resulted in increasingly better question identification. However, this effect was 
dominated by the poor identification of utterance Q1 as a question. This effect was 
found both in the normal hearing and the implanted children. Apparently, the F0 
rising contour that spanned 6-9 semitones in Q1 was too small to be perceived as a 
question by most of the subjects and was therefore identified more frequently as an 
affirmation. This is in agreement with the JND of 6.9 semitones in the implanted 
subjects in experiment 1. As a rising contour of about 6 semitones is typical of 
Dutch questions, this result suggests that even when implanted children are using a 
contralateral hearing aid, they need exaggerated F0 excursions to be able to identify 
a question as such, particularly when other cues, such as duration, are lacking. . 
Additionally a correlation was found between F0 discrimination and question 
statement identification in CIHA condition. This also indicates that the intonation 
recognition relies on F0 discrimination. In contrast, the subjects with normal hearing 
showed a mean JND of 3.3 semitones, so they should have been able to hear the rising 
contour of Q1. It is not clear why Q1 was perceived more often as an affirmation, but 
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it may have been due to a lack of duration cues, or the complexity of the task.
Chatterjee et al. also showed that implanted patients needed more exaggerated F0 
excursions to identify a question, compared to the subjects with normal hearing. 
Even in the most exaggerated F0 excursion, not all utterances were identified as 
questions. The overall performance in their group was better than in our study, 
however the subjects in Chatterjee et al’s study were all adults, and the main part of 
their group (eight out of the 10 subjects) were post-lingually deafened38.
Perception of prosody and age
In the implanted children, no significant correlations were found between age at 
testing and the performance on the two experiments. Contrastingly, these correlations 
were present in the group with normal hearing. They showed particularly large spread 
in F0 discrimination thresholds at the age of 9 years and younger, from nearly as good 
as the older children to much poorer. On the question/affirmation identification 
task, the performance of the three youngest children of the NH group (≤ 8.3 years) 
was below chance level. This might have been related to lack of comprehension, 
endurance or attention span. Explanations for the absence of correlations between 
age and performance in the CI group may have been greater familiarity with 
auditory testing, or unrepresentative sampling (chance) i.e. all the children had good 
mastering of the task, or conversely, not even the older CI children could master the 
task. Furthermore, additional variability in the results of the implanted children may 
have obscured the effect of age. In the first experiment, no significant correlations 
were found between F0 JND and the aided thresholds, duration of deafness, duration 
of CI use or HA use. Also no significant correlations were found between F0 JND 
and age at implantation or age of deafness. These findings suggest that some other 
factors are responsible for the variability in performance (e.g. language ability or 
neural survival, placement of the electrodes, educational or learning variables7,14. 
Such issues should be taken into consideration in future research.
Benefit of the hearing aid for the perception of prosody
In contrast with previous studies that assessed prosody perception in implanted 
children who depended solely on their CI, the present study investigated the effect of 
bimodal fitting. The performance in the CI+HA condition was significantly better in 
experiment 1 and 2, compared to the CI-only condition. This advantage was probably 
the result of the availability of additional low-frequency periodicity information 
provided by acoustic hearing. 
Part of the superior F0 discrimination and question/affirmation identification in the 
bimodal condition (or all of it) may have been simply due to the performance of the 
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ear with the hearing aid. As we did not include a hearing aid only condition, it is 
impossible to speculate about the extent to which the superior performance resulted 
from binaural integration of information beyond mere addition. It must also be 
taken into account that all implanted subjects are accustomed to the bimodal fitting. 
So the better performance in the bimodal condition may be partly explained by the 
fact that this is a more natural condition. This effect is probably especially important 
in experiments where subjects are asked to recognize words or sentence. However in 
this study subjects performed in psychoacoustic tests, without semantic or syntactic 
tasks. Also the amount of residual hearing (in either ear) did not correlate with F0 
discrimination, which suggests that part of the bimodal benefit was the result of 
synergy between the input modalities. 
The results of this study are in agreement with previous studies, which showed 
significantly improved speech recognition in noise in children fitted bimodally. 
This improvement probably relies on additional low-frequency cues of the HA26,27. 
Our subjects were able to make use of the information contained in F0 excursions, 
especially in the bimodal condition, but in agreement with the conclusion drawn by 
Kong and Carlyon (2007), these effects were fairly small10.
Conclusion
The present study evaluated the benefits of using a cochlear implant and a hearing 
aid in the non-implanted ear in children. Although the perception of intonation, in 
comparison with the normal hearing group, was still poor, the results suggest an 
advantage of bimodal fitting in prosody perception. This benefit was found both in 
the discrimination of pitch movements in bisyllabic non-words and in the ability to 
distinguish between questions and affirmations.
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This thesis discusses several aspects that are encountered when bilateral hearing 
rehabilitation is considered in those with a cochlear implant. First, an overview is 
presented of the conclusions that were drawn in the separate chapters. Subsequently, 
some general questions are addressed based on the findings in this thesis with 
particular focus on whether bilateral application of hearing devices is advantageous 
in people with a cochlear implant and how this can best be accomplished.
Chapter 2 scrutinized the diagnostic procedure in candidates for bilateral cochlear 
implantation whose hearing loss had been caused by meningitis and highlights the 
radiological considerations when determining who to implant and when. The study 
showed a trend that T2 weighted MRI generally led to higher agreement between 
the radiological diagnosis of the cochlea and the surgical findings than T1 weighted 
MRI. However, as the differences were not significant they should be interpreted with 
caution. Nevertheless, the clinically relevant observation was made that performing 
MRI shortly after a meningitic episode does not hamper the reliability of diagnosing 
cochlear osteoneogenesis. Osteoneogenesis after meningitis is an ongoing process 
that may result in complete obliteration of the cochlea. One means to prevent 
this from impeding full insertion of the electrode array is to minimize the delay 
between diagnosis and implantation. With the potentially irreversible effect of 
osteoneogenesis in mind, this study is especially relevant regarding the decision as 
to whether cochlear implantation is required at short notice and whether a patient 
should be given preference as a candidate for bilateral cochlear implantation to save 
the second cochlea from becoming too compromised to place an electrode array 
in the future. As there is a risk of meningitis induced hearing loss, audiometric 
evaluation should form an obligatory part of the early follow-up of these patients1. 
If severe to profound hearing loss is detected, MRI should follow suit to evaluate the 
condition of the cochleas.
To improve diagnostic efficiency, radiologists and neurologists should be aware of 
the risk of meningitis induced osteoneogenesis and not only use MRI in the early 
stage of meningitis with the main purpose of judging the intracerebral impact of 
meningitis, but also take this opportunity to assess the condition of the cochleas. 
Chapter 3 can be viewed as a lesson from the past. This retrospective study showed 
that bilateral hearing rehabilitation was of significant additional value to hearing 
aid users with bilateral hearing loss. The benefit was most clearly noticeable in the 
association between bilateral hearing aid fitting and a higher level of achievement 
at secondary school. It is known that bilateral hearing rehabilitation improves 
speech understanding, which may well be an advantage in noisy classrooms. Such 
improvements in hearing performance were also observed in bilateral cochlear 
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implant users2. The relevance of an appropriate secondary school degree to improve 
future career opportunities is a strong argument in favour of bilateral hearing 
rehabilitation. Surprisingly no financial arguments were found, because unilateral 
and bilateral hearing aid users consumed similar quantities of additional support 
and there were no differences in the need for special education between the 
groups. Important negative aspects that must be considered in the discussion on 
bilateral implantation, are the additional cost of a second implant and the burden 
of a second operation (in the case of sequential implantation). If that extra financial 
investment could be indirectly returned by a reduction in the cost of educating 
a child with bilateral profound hearing loss, the cost-effectiveness of bilateral 
cochlear implantation would improve sharply. The results presented in chapter 3 on 
conventional hearing aid users did not suggest a cost-saving effect of bilateral hearing 
rehabilitation. However, it did indicate that bilateral hearing rehabilitation enabled 
the children to make more optimal use of their intellectual abilities and achieve 
school performance in conformity with their capacities. This study on hearing aids 
hints on what might be possible with bilateral hearing rehabilitation in school 
attending cochlear implantees. To reach the final verdict on how bilateral hearing 
affects the school careers of children with cochlear implants, we will nevertheless 
have to wait until a sufficiently large cohort of implanted children with bilateral 
input has finished school. The potential gain in a reduction of the expenses and 
improved quality of life during and because of the course of a school career may be 
an important issue in positioning the relevance of bilateral hearing rehabilitation in 
children with cochlear implants 3, 4. 
While the first two chapters of this thesis served to take a broader look at diagnostic 
and educational aspects of bilateral cochlear implantation, the remaining four 
chapters focused on the auditory performance of cochlear implant users with 
bilateral auditory input versus those that use unilateral input. Chapter 4 showed that 
bilateral cochlear implantation led to significant improvement in hearing in terms 
of localization performance compared to unilateral cochlear implantation. The fact 
that these children perform well at a very young age underlines the direct gain of 
early implantation, because bilateral benefit may exist before important periods in 
a child’s language development and before a school career has begun. In this study, 
meningitis induced hearing loss had been the indication to implant bilaterally. 
The improvement in auditory performance found in chapter 4 supports the need 
for adequate and timely diagnosis as pointed out in chapter 2 and emphasizes what 
might be lost if bilateral implantation would become unattainable, for example due 
to osteoneogenesis. 
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In chapter 5, bimodal fitting in children was shown to improve speech understanding 
in noise as well as in quiet on group level. Unfortunately, none of the measured 
audiometric and personal characteristics of the participants was predictive of their 
performance with bimodal fitting. Because of this lack of predictive parameters, it is 
necessary to be careful when employing bimodal fitting as an alternative to bilateral 
implantation in the pre-operative screening of cochlear implant candidates. However, 
it can be argued that because bimodal fitting improves speech understanding in 
unilaterally implanted children on group level, it might be worthwhile to provide 
all children with a unilateral implant (except those that lack any residual hearing) 
with a contralateral hearing aid and then decide whether or not to continue using 
bimodal fitting based on extended evaluations of individual utilization and benefit. 
An important consideration regarding the latter view is whether one agrees that 
the cost of providing a hearing aid to persons that might only use it temporarily is 
acceptable. Another argument to provide all unilateral cochlear implantees with a 
contralateral hearing aid in the initial stages is that by doing so, the auditory system 
in the non-implanted ear will receive stimulation to some extent, which is likely to 
be beneficial to auditory performance if cochlear implantation in that ear is ever to 
be reconsidered in the future5, 6. 
Chapter 6 elaborates on testing bilateral hearing by means of bimodal fitting by 
looking at localization performance when a hearing aid was used in addition to 
the cochlear implant. The benefit of bimodal fitting became more evident as the 
localization stimuli became more demanding and dependent on binaural cues (roving 
amplitude and spectral cues). Responses to the most complicated stimulus improved 
significantly due to bimodal fitting. This is promising, because this stimulus most 
closely resembles the stimuli encountered in real life. However, compared to their 
peers with normal hearing, the localization performance remained poor even with 
bimodal fitting.
Chapter 7 takes a different approach to bimodal fitting by viewing the acoustic 
information obtained with a hearing aid as complementary to the electrical auditory 
input from a cochlear implant. It was found that on a group level, changes in F0 in 
the pitch and question identification tasks were detected significantly more easily 
when a hearing aid was used alongside the cochlear implant. This is contributed to 
the low frequency temporal fine structure that is retained by a hearing aid while 
being lost when sound is processed through a cochlear implant. As such this chapter 
is important in pointing out that if someone is unilaterally implanted, but has some 
residual hearing, a hearing aid is attractive because it might actually provide cues 
(despite the inferior sound amplification) that would be lost if that person depended 
solely on a cochlear implant.
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Cochlear implantation remains a revolutionary approach to alleviate functional 
hearing loss and it has come a long way since the pioneering experiments in the mid-
twentieth century7. The focus has long been to offer those with severe to profound 
hearing loss an opportunity to (re)establish their hearing and thereby involve them 
into the hearing world. Although regaining a sense that is not present (anymore) 
will always remain pivotal, it is encouraging when the standard evolves into a wish 
to provide the best possible level of hearing that can still be attained. From that 
perspective, the attempt to reap the advantages offered by bilateral auditory input is 
a logical next step to maximize the benefit of cochlear implantation. 
Recent literature supports the hypothesis that in adults performance with bilateral 
cochlear implants is superior to that with a unilateral cochlear implant. This is 
especially true for the advantage of bilateral implantation in localizing sounds, 
which has been found using various methods and has mainly been attributed 
to the use of interaural loudness difference cues8-14. Similarly, there is convincing 
evidence that speech perception in a noisy environment is significantly better with 
two cochlear implants than with only one9, 13, 15-19. Most studies concluded that the 
main contributor to this improved speech perception in noise was the effective use 
of the head shadow effect by bilateral implantees. Although there are individuals in 
some of these studies that only seemed to experience marginal gain from a second 
implant, none showed distortion from the second implant. 
In children, there is evidence that the advantage of bilateral cochlear implantation 
is at least equivalent to that in adults, but far fewer data are available to base this 
on14, 20-26. Children may have an advantage over adults in using a sensitive period 
for auditory processing, when adapting to bilateral auditory input by means of two 
cochlear implants26, 28
As is also the case with bilateral cochlear implantation, the benefit of bimodal fitting 
over unilateral implantation is clearest in sound localization performance or speech 
perception in noise, although not all studies regarded the bimodal benefit to be 
convincing29-32. The few studies that have been carried out in children confirmed that 
bimodal fitting is also beneficial to these young cochlear implantees21, 33, 34.
In their review article Schafer et al. concluded that there was similar performance 
in noise between bilateral implantation and bimodal fitting and that bimodal 
fitting should be the first-order treatment because of lower cost and less risk for the 
patient, with bilateral implantation being recommended when bimodal fitting did 
not prove to be beneficial35. It should be noted that the burden of a second operation 
can be reduced by simultaneous bilateral implantation, but obviously this cannot 
be achieved if bimodal fitting has to be tried first as suggested by Schafer et al. In a 
similar comparison of the literature on bimodal fitting and bilateral implantation, 
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Ching et al. concluded that there is currently insufficient evidence to chose one 
in favour of the other36. Both reviews stressed that bilateral auditory input (either 
through bilateral implantation or bimodal fitting) is to be preferred over unilateral 
auditory input by means of one cochlear implant. 
Only two studies directly compared bimodal fitting to bilateral implantation on 
a group level in similar test-setup, making the outcomes with each mode better 
comparable with one another. Litovsky found that the speech perception threshold 
in noise improved significantly more when bilaterally implanted children used two 
implants instead of one than when children familiar with bimodal fitting used the 
hearing aid in addition to their cochlear implant. On the minimal audible angle 
localization test, the performance of the bilaterally implanted children was also 
superior to that of children with bimodal fitting21. Further evidence was reported 
by Mok et al. who found that the children with bilateral cochlear implants tended to 
experience greater benefit from bilateral input than the children with bimodal fitting, 
but due to the small size of the study population, their results were inconclusive37. 
To date, all the studies and especially those on children lack a high number of 
participants, due to the exclusivity of bilateral cochlear implantation. Similar low 
numbers also apply to the studies on bimodal fitting and even less research has been 
done into this field than into bilateral cochlear implantation. Despite the convincing 
results, this limits the weight of the conclusions that can be drawn from separate 
studies. The increasing number of people being implanted will lead to larger groups 
of participants in future studies, which is needed to further specify the benefits of 
bimodal fitting and to strengthen the position of bilateral implantation. Longer 
follow-up will provide more solid knowledge on potential cost reduction due to 
bilateral hearing with a cochlear implant, whereas at present, only the extra cost can 
easily be summed up. 
But even with the currently available evidence, bilateral rehabilitation of cochlear 
implant candidates is showing such promise that in the United Kingdom the 
National Institute for Health and Clinical Excellence now recommends simultaneous 
bilateral cochlear implantation for children with severe to profound deafness and 
for adults who are blind or have other disabilities in addition to their hearing deficit 
that increases their reliance on auditory stimuli38. Because such recommendations of 
national institutes of health are crucial when aiming to implement new technologies 
or applications on a nationwide scale, the example of the United Kingdom is 
encouraging and may stimulate other countries to (re)appraise this topic (and 
the relevance of bilateral hearing) and present up-to-date guidelines on cochlear 
implantation.
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All studies in this thesis demonstrated the benefit of using bilateral input, either by 
means of bilateral implantation or bimodal fitting. Therefore, these results argue in 
favour of bilateral auditory input for cochlear implant candidates. 
Despite the small number of participants, an improvement in sound localization 
performance due to bilateral implantation was shown in chapter 4. The results of 
the subsequent chapters demonstrated the possibility of achieving bilateral benefit 
by means of bimodal fitting, but also show that such bimodal benefit is not readily 
visible with all types of stimuli used to test localization acuity or when looking for 
a binaural masking level difference. These findings combined with those from the 
studies by Litovsky and by Mok, in which direct comparison showed a tendency 
towards superior auditory performance with bilateral cochlear implants, make 
it difficult to except the auditory performance with bimodal fitting as completely 
equal to performance with bilateral cochlear implantation21, 37. Another argument 
in favour of bilateral implantation over bimodal fitting, despite the non-significant 
differences between the two amplification methods, is that the children who are 
documented as bimodal users and used for testing are the ones who by definition 
belong to the group who experience benefit from bimodal fitting, because otherwise 
they would have stopped using the hearing aid in everyday life. The true benefit 
of a contralateral hearing aid in the total population of children implanted with 
a unilateral cochlear is therefore likely to be smaller than that indicated by study 
results. It can be assumed that this does not apply to bilateral cochlear implantation, 
because use of both cochlear implants will virtually always be continued in view of 
the irreversibility of the procedure. As shown in chapter 4, the amount of residual 
hearing measured in pure tone thresholds or  phoneme recognition scores cannot 
be used to determine who will benefit from bimodal fitting and who will not. Based 
on the above-mentioned arguments it can be reasoned that if one had to choose 
beforehand, bilateral cochlear implantation is more likely to provide optimal hearing 
performance in children with profound bilateral hearing loss. 
Although the expected improvement in hearing performance is a key parameter 
when advising cochlear implant candidates about treatment options, it is impossible 
to ignore the financial costs and individual circumstances that may make bilateral 
cochlear implantation less attractive. In those cases, the use of bimodal fitting over 
using a cochlear implant alone is to be recommended, as was shown in this thesis. 
Cochlear implant candidates have bilateral hearing loss and whether it be by means 
of bilateral cochlear implantation or bimodal fitting, attempting to solve their 
bilateral hearing problem with a unilateral cochlear implant alone should not be the 
standard solution.
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Summary
In chapter 1 of this thesis a general introduction to cochlear implantation and the 
aims of this thesis were provided. A cochlear implant is a semi-implantable hearing 
device that aims to restore hearing in people with severe to profound hearing loss. 
In this thesis several aspects concerning cochlear implantation were discussed. 
The focus was on bilateral hearing with a cochlear implant in children and how this 
may be achieved. Further included is research on the diagnostic work-up for cochlear 
implant candidates that were deafened by meningitis and the relevance of bilateral 
hearing rehabilitation for one’s school career. 
Chapter 2 addressed the use of MRI scans of the labyrinth in people with meningitis 
induced hearing loss that were candidates for cochlear implantation. Meningitis 
may cause hearing loss and induce cochlear osteoneogenesis which can obstruct the 
cochlear lumen and thereby hinder cochlear implantation. A multicentre study was 
carried out and a comparison was made between T1 and T2 weighted MRI scans of the 
labyrinth for diagnosing cochlear osteoneogenesis. It was furthermore investigated 
whether waiting with scanning improved the reliability of diagnosing an ongoing 
process such as cochlear osteoneogenesis. The judgment of two radiologists 
regarding the condition of the labyrinth on MRI scans was compared to the condition 
of the cochlea as described during surgery. A higher percentage of agreement with 
surgery was found for T2 than for T1 weighted MRI scans, but this difference was 
not significant. No significant difference was found between the agreement with 
surgical findings of radiological imaging soon after meningitis (0–3 months) or at a 
later stage (>3 months). This indicates that magnetic resonance imaging soon after 
meningitis allows early diagnosis without suffering from a lower agreement with 
the condition of the cochlea as encountered during cochlear implantation.
Chapter 3 concerned the differences in school career and secondary school 
qualification level between people with bilateral hearing loss who used one hearing 
aid compared to those who used two hearing aids. Adult hearing aid users with 
bilateral hearing loss who had finished secondary school education filled in a 
questionnaire on several aspects of their school careers and on their final level of 
secondary school education. It was found that there was no difference in the school 
career between unilateral and bilateral hearing aid users with regard to the type of 
schools they attended (mainstream versus special), the additional assistance that was 
used (speech and language therapy, personal frequency modulation systems) or the 
need to repeat a school year. However, on group level people with a bilateral hearing 
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loss who used bilateral hearing aids instead of only one hearing aid obtained a higher 
secondary school qualification. 
In chapter 4 an evaluation was made of bilateral cochlear implantation in young 
children. A small group of bilaterally implanted children were compared with 
unilaterally implanted children regarding their localization ability and by asking 
their parents to complete the Speech, Spatial and Qualities of Hearing Scale (SSQ) 
and Pediatric quality of life inventory (PedsQL) questionnaires on hearing and health-
related quality of life of their children. All participating children were deafened 
by meningitis. The mean age of the bilaterally implanted children was 3 years and 
7 months, the mean age of the unilaterally implanted children was 5 years and 3 
months. The bilaterally implanted children scored significantly better on the 
localization test and on the spatial domain of the SSQ, which concerns localization. 
No significant differences were found between the two groups on the speech and 
quality of hearing domains, the average overall scores of the SSQ or the PedsQL. It 
was concluded from these finding that in terms of localization acuity children can 
already reap the benefits of bilateral cochlear implantation at a very young age. 
Chapter 5 was the first chapter of the thesis on bimodal fitting in children. Bimodal 
fitting refers to the use of a cochlear implant in one ear and a hearing aid in the 
contra-lateral ear. The performance of children with bimodal fitting on speech 
perception tests was determined and it was investigated whether this performance 
could be predicted. Several aided (while using a hearing aid) and unaided average 
hearing thresholds and the aided phoneme recognition score of the hearing aid ear 
were analyzed regarding a potential relation with bimodal benefit on a phoneme 
recognition test in quiet and in noise. No relation could be found between any of the 
hearing thresholds or the aided phoneme recognition score of the hearing aid ear 
and the bimodal benefit on the phoneme recognition tests. The children did perform 
better on the phoneme recognition tests in quiet and in noise when they used 
bimodal fitting compared to when they used a unilateral cochlear implant alone. 
The lack of reliable predictors impedes an estimation of how well an individual child 
is likely to perform due to bimodal fitting. It is nevertheless to be recommended that 
children with a unilateral cochlear implant are routinely fitted with a hearing aid 
in the contra-lateral ear based on the improvement due to bimodal fitting that was 
observed on speech perception tests. 
Bimodal fitting was further investigated in chapter 6 by looking at whether sound 
localization acuity improved in unilaterally implanted children due to a hearing aid 
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in the contra-lateral ear and if this enabled them to benefit from a binaural masking 
level difference. A minimal audible angle localization test was used with four 
different noise bursts as stimuli. These sound stimuli differed from one another by 
roving or not roving the loudness and/or the spectral characteristics. Bimodal fitting 
provided a significant benefit when the most complicated (probably most realistic) 
stimulus, with roved amplitude and spectrum was presented. No significant binaural 
masking level difference was found between the cochlear implant alone and the 
bimodal condition. 
In chapter 7 the effect of bimodal fitting on the perception of prosodic cues, such 
as intonation was determined. The first experiment assessed the just detectable 
difference in F0, the second experiment assessed the children’s ability to distinguish 
between questions and affirmations in Dutch words. In both experiments the tested 
children performed better with a hearing aid in the contra-lateral ear in addition 
to their unilateral implant. This improved perception of prosody in the bimodal 
condition is probably because cochlear implants do not preserve prosodic cues well, 
while on the other hand the addition of sound input by means of a hearing aid may 
provide information on voice pitch.
 
Chapter 8 provided an overview of the discussions of the separate chapters as well 
a general discussion on bilateral hearing and cochlear implantation. Performance 
with bilateral cochlear implantation as well as with bimodal fitting in children was 
scrutinized in order to draw conclusions from the findings in this thesis. 
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Samenvatting
Hoofdstuk 1 van dit proefschrift betreft een algemene introductie over cochleaire 
implantatie en geeft een overzicht van de doelstellingen welke aan bod komen in 
het proefschrift. Een cochleair implantaat is een elektronisch implantaat waarmee 
beoogd wordt mensen met ernstige slechthorendheid of doofheid te laten horen. Het 
zwaartepunt van dit proefschrift ligt bij de onderzoeken waarin gekeken wordt naar 
methoden om bilateraal horen te bewerkstelligen bij kinderen met een cochleair 
implantaat. Onder bilateraal horen wordt het ontvangen van auditieve signalen in 
zowel het linker- als rechteroor verstaan. Daarnaast bevat dit proefschrift onderzoek 
naar radiologische beeldvorming bij kandidaten voor cochleaire implantatie en 
onderzoek naar de belang van bilaterale gehoorrevalidatie gedurende iemands 
schoolcarrière.   
In hoofdstuk 2 wordt het gebruik van MRI scans van het labyrint geëvalueerd bij 
kandidaten voor cochleaire implantatie bij wie gehoorverlies is opgetreden ten 
gevolge van een doorgemaakte meningitis. Meningitis kan resulteren in cochleaire 
osteoneogenesis (nieuwvorming van bot), hetgeen het lumen van de cochlea kan 
obstrueren. Een dergelijke obstructie kan goede plaatsing van de elektrodes van een 
cochleair implantaat bemoeilijken. Twee types (T1 en T2 gewogen) MRI scans van 
het labyrint werden met elkaar vergeleken betreffende hun geschiktheid voor het 
diagnosticeren van cochleaire osteoneogenesis. Er werd een trend waargenomen die 
suggereert dat beoordelingen op een T2 gewogen MRI scan een hogere overeenkomst 
vertonen met de chirurgische bevindingen dan de beoordelingen op een T1 gewogen 
MRI scan, de verschillen waren echter niet significant. Daarnaast werd er gekeken of 
uitstel van het maken van een MRI scan leidde tot een betrouwbaarder oordeel over 
het optreden van osteoneogenesis. Hieruit bleek dat vroege diagnostiek (< 3 maanden) 
middels MRI naar de conditie van de cochlea geen afbreuk doet aan de overeenkomst 
tussen wat op de MRI scan gezien wordt en wat tijdens cochleaire implantatie zal 
worden aangetroffen. 
Hoofdstuk 3 betreft een analyse van het beloop van de schoolcarrière en het behaalde 
eindexamen niveau van kinderen met een bilateraal gehoorverlies die gebruik 
maakten van één dan wel twee hoortoestellen. Volwassen hoortoestel gebruikers die 
hun middelbare school periode hadden afgesloten werd een vragenlijst toegestuurd 
over verschillende aspecten van hun schoolcarrière en over het behaalde diploma bij 
het afronden van hun middelbare school. Tussen de groepen bilaterale en unilaterale 
hoortoestel gebruikers werd geen significant verschil gezien met betrekking tot 
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het type onderwijs dat was gevolgd (regulier of speciaal onderwijs), de gebruikte 
hoeveelheid extra ondersteuning (bv. logopedie) of in het doubleren van een schooljaar. 
Daarentegen werd op groepsniveau gevonden dat diegenen die bilateraal een 
hoortoestel hadden gebruikt, een hoger eindexamen niveau op de middelbare school 
behaalden dan diegenen die slechts éénzijdige revalidatie hadden gehad middels een 
unilaterale hoortoestel aanpassing.
In hoofdstuk 4 wordt een onderzoek beschreven naar bilaterale cochleaire implantatie 
bij jonge kinderen. Een kleine groep bilateraal geïmplanteerde kinderen werd 
vergeleken met unilateraal geïmplanteerde kinderen betreffende de vaardigheid om 
geluid te lokaliseren. De ouders van de kinderen werd gevraagd de Speech, Spatial 
and Qualities of Hearing Scale (SSQ) en de Pediatric quality of life inventory (PedsQL) 
vragenlijsten in te vullen. Deze vragenlijsten hebben betrekking op het gehoor en 
op de gezondheidsgerelateerde kwaliteit van leven van hun kinderen. Alle geteste 
kinderen waren slechthorend of doof geworden na het doormaken van meningitis. De 
gemiddelde leeftijd van de bilateraal geïmplanteerde kinderen was 3 jaar en 7 maanden 
en van de unilateraal geïmplanteerde kinderen 5 jaar en 3 maanden. De kinderen die 
bilateraal geïmplanteerd waren scoorden significant beter op de geluidslokalisatie 
test en op het domein van de SSQ over ruimtelijk horen. Er werd geen significant 
verschil geconstateerd tussen de twee groepen kinderen op andere domeinen van de 
SSQ of op de totale score van de SSQ en de PedsQL vragenlijsten. Aan de hand van deze 
bevindingen werd geconcludeerd dat bilaterale cochleaire implantatie kinderen reeds 
op jonge leeftijd voordelen kan bieden bij het lokaliseren van geluiden. 
Hoofdstuk 5 is het eerste hoofdstuk van dit proefschrift waarin bimodale aanpassing 
bij kinderen besproken wordt. Bimodale aanpassing refereert aan het gebruik van een 
cochleair implantaat in het ene oor en een hoortoestel in het andere oor. Er werd gekeken 
naar de prestaties van kinderen met bimodale aanpassing op spraakverstaan testen en 
er werd onderzocht of deze prestaties voorspeld konden worden. Gehoordrempels met 
en zonder hoortoestel en de foneemscore met hoortoestel van het niet-geïmplanteerde 
oor werden onderzocht op een relatie met prestaties door bimodale aanpassing op 
spraakverstaan testen. Bij geen van de zojuist benoemde parameters van het gehoor 
werd een verband gevonden met de resultaten ten gevolge van bimodale aanpassing. 
Op groepsniveau behaalden de kinderen significant hogere foneemscores op de 
spraakverstaan testen in stilte en in ruis wanneer ze bimodale aanpassing gebruikten 
in vergelijking met wanneer ze alleen hun unilaterale cochleaire implantaat 
gebruikten. Het gebrek aan betrouwbare voorspellende parameters beperkt echter 
de mogelijkheid om bij een individueel kind prestaties ten gevolge van bimodale 
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aanpassing te voorspellen. Gezien de gevonden verbetering van het spraakverstaan 
en de reversibiliteit van bimodale aanpassing is het desalniettemin aan te bevelen om 
unilateraal geïmplanteerde kinderen routinematig te voorzien van een hoortoestel in 
het niet-geïmplanteerde oor. 
In hoofdstuk 6 wordt bimodale aanpassing verder onderzocht, waarbij gekeken werd 
of het vermogen om geluid te lokaliseren verbeterde wanneer kinderen die unilateraal 
geïmplanteerd waren naast hun cochleair implantaat ook een hoortoestel in het niet 
geïmplanteerde oor gebruikten. Er werd tevens bestudeerd of een dergelijke bimodale 
aanpassing de kinderen in staat stelde gebruik te maken van het zogenaamde 
‘binaural masking level difference’, hetgeen zou duiden op samenwerking tussen de 
twee oren. Voor het bepalen van het vermogen om geluid te lokaliseren werd gebruikt 
gemaakt van 4 verschillende typen ruis als geluidstimulus. Deze stimuli verschilden 
van elkaar met betrekking tot hun luidheid en/of spectrale karakteristieken. Hierbij 
werden deze karakteristieken bij de ene stimulus constant gehouden, terwijl ze bij 
de andere stimulus gevarieerd werden. Het doel van deze variatie van aangeboden 
stimuli was om te analyseren of er een eigenschap van geluid bepalend is voor de 
lokalisatie van geluid middels bimodale aanpassing. Er werd alleen een voordeel van 
bimodale aanpassing geobserveerd wanneer de meest gecompliceerde (waarschijnlijk 
meest realistische) stimulus werd gebruikt waarbij zowel de luidheid als het spectrum 
telkens varieerde. Aan de hand van spraakverstaan in ruis testen werd geen significant 
‘binaural masking level difference’ gevonden tussen de bimodale conditie en de 
conditie waarin alleen een cochleair implantaat gebruikt werd. 
In hoofdstuk 7 wordt het effect van bimodale aanpassing bepaald op de perceptie van 
prosodie (taalritme), zoals bijvoorbeeld bij intonatie. Het eerste experiment bepaalde 
de juist detecteerbare verschillen in F0 (grondfrequentie). Het tweede experiment 
bepaalde het vermogen van de kinderen om onderscheid te maken tussen een vragende 
dan wel een bevestigende intonatie in Nederlandse woorden. In beide experimenten 
presteerden de kinderen significant beter met bimodale aanpassing vergeleken met 
de conditie waarin het unilaterale cochleaire implantaat alleen werd gebruikt. Deze 
verbeterde perceptie van prosodie in de bimodale conditie komt waarschijnlijk doordat 
cochleaire implantaten de karakteristieken van een geluid die belangrijk zijn voor de 
perceptie van prosodie niet goed kunnen omzetten. Het toevoegen van geluidsinput 
door middel van een hoortoestel kan vervolgens een manier zijn waarop informatie 
over de grondfrequentie beter behouden blijft. 
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Hoofdstuk 8 is het afsluitende hoofdstuk en bevat zowel een overzicht van de discussies 
uit de voorgaande hoofdstukken als een algemene discussie over bilateraal horen en 
cochleaire implantatie. Bilaterale cochleaire implantatie en bimodale aanpassing 
bij kinderen worden kritisch geëvalueerd waarbij conclusies gepresenteerd worden 
voortkomend uit de bevindingen in dit proefschrift. 
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